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ABSTRACT

This thesis was designed to enhance our understanding of the acute responses to small-sided
games (SSG) and their integration into a concurrent training program along with resistance
training (RT) in soccer. The first study characterised the neuromuscular, biochemical,
endocrine, and perceptual responses to SSG training over 24-hours. The SSG
(4vsd+goalkeepers; 6x7-min; 2-min inter-set recovery) induced immediate fatigue which
persisted until the following morning. However, neuromuscular function presented a bimodal
recovery pattern, whereby there was a temporary recovery at 2 hours post. Therefore, it was
determined that the performance of a secondary training session at 2 hours post may not be
compromised. The second study compared the responses to a day consisting of SSG training
(single), versus a day consisting of SSG plus RT 2 hours later (double). The double training
session resulted in further small impairments in neuromuscular, perceptual, and endocrine
markers at 24 hours post training. The third study manipulated the order of SSG and RT and
compared the performance of training and the 24-hour responses. This study found that whilst
there were significant within-day differences in neuromuscular and endocrine markers, there
were no differences at 24 hours post training. Furthermore, the order of SSG and RT did not
affect the performance of SSG, but perceived exertion during RT was higher when performed
after SSG training. This thesis provides a series of novel findings that enhance our
understanding of the responses to SSG, the effects of performing multiple daily training
sessions, and the effects of training order in soccer.
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Chapter 1.

General Introduction



1.1 INTRODUCTION

Soccer is not only widely regarded as the most popular sport in the world, but also the most
studied, with the most associated research papers (Kirkendall, 2020). Performance in soccer is
underpinned by a complex interaction between physical, physiological, psychological,
technical, and tactical factors (Stelen et al., 2005; Bangsbo, 2015). It is likely that if one or
more of these factors are inadequately developed or applied at both an individual and team
level, then performance will be compromised. At elite and semi-professional levels, the pursuit
for success continuously leads practitioners (e.g., coaches, sports scientists, psychologists,
strength and conditioning staff) and researchers to find effective means to assess and improve
these main areas of performance (Carling, 2012). Indeed, over the last five decades, studies
have attempted to characterise the demands of competitive soccer in numerous ways, which,
as with any evidence-based framework for sports performance, is key in supporting the design
of appropriate training strategies (Bangsbo, Nerregaard, & Thorse, 1991; Drust, Atkinson, &
Reilly, 2000; Bradley et al., 2009).

With regards to the physical demands, soccer match-play is characterised as a prolonged
intermittent sport that requires players to perform brief, high-intensity, linear and multi-
directional activities interspersed by longer, variable periods of low to moderate-intensity
activity (Stelen et al., 2005; Bangsbo, Mohr, & Krustrup, 2006; Rampinini et al., 2007b;
Carling et al., 2008; Bush et al., 2015). Consequently, soccer players are required to develop
and maintain multiple qualities aligned to successful performance, including but not limited to;
strength, power, acceleration, speed, agility, aerobic capacity, and repeated sprint ability
(RSA), as well as engage with technical and tactical training (Bangsbo, 1994b; Stelen et al.,
2005). Due to the multifaceted match demands required, this usually results in concurrent
training methods, with multiple sessions that target different adaptations often undertaken on
the same day and within 24 hours of each other (Malone et al., 2015a; Martin-Garcia et al.,
2018b; Cross et al., 2019). However, for an athlete to positively adapt to training, the exercise
stimulus should be applied in an order or a spacing that allows recovery to a time point where
they are able to meet the demands of the following training session (Bishop, Jones, & Woods,
2008). Periods of functional overreaching may be strategically implemented in targeted periods
(e.g., pre-season), whereby athletes will undertake a concentrated training block that results in
a temporary loss of performance but then ‘rebound’ back and adapt after a planned realisation

or recovery period (Meeusen et al., 2006a; Issurin, 2010). However, if training is continuously



scheduled in a manner where athletes are not recovering between training sessions or matches,
then there is a possibility that maladaptation, chronic fatigue, and overuse injury may occur
(Morgans et al., 2014). Therefore, those responsible for the design of soccer training programs
need to have an understanding of the demands and responses to each activity a player performs,
whilst also considering factors that mitigate the possible interference effects of completing
multiple training sessions sequenced within proximity to each other (Fyfe, Bishop, & Stepto,

2014; Doma, Deakin, & Bentley, 2017).

As the fixture demand is high in soccer (~40 — 50 matches over ~10 — 11 months) and there is
often limited training time between these fixtures (~3 — 7 days), this leaves small windows of
opportunity to target the multiple qualities required for the sport (Issurin, 2010; Morgans et al.,
2014). Therefore, time-efficient training methods of simultaneously targeting the multiple
qualities necessary for performance may be beneficial and warranted (Morgans et al., 2014;
Turner & Stewart, 2014). One training method that has drawn considerable popularity, in both
applied settings and in the literature, is the use of small-sided games (SSGs), which are
characterised as any smaller format of competitive match-play by a reduction in player numbers
and/ or pitch dimensions (Hill-Haas et a., 2011). Indeed, the popularity of SSGs as a training
method is likely a result of their perceived ability to partly replicate some of the multifaceted
demands of competition (Hill-Haas et al., 2011; Brandes, Heitmann, & Miiller, 2012;
Casamichana, Castellano, & Castagna, 2012). There is an abundance of literature investigating
how manipulating the structural format of an SSG (e.g., playing area, number of players, rules,
and conditions of the game) influences the playing intensity (Dellal et al., 2011a; Aguiar et al.,
2012; Clemente et al., 2014a; Casamichana et al., 2015). Furthermore, it has been shown
repeatedly that SSG training can stimulate similar aerobic adaptations to various forms of
traditional interval training (Reilly & White, 2004; Impellizzeri et al, 2006; Hill-Haas et al.,
2009a; Ali, 2011; Radziminski et al., 2013; Los Arcos et al., 2015; Moran et al., 2019; Kunz et
al., 2019). However, to date, there is very limited research examining the impact of SSGs on
the responses of soccer players in the hours and days that follow. This creates a gap in our
current understanding of soccer training, considering the influence this may have on the
performance and scheduling of additional training sessions within a training program.
Therefore, the primary aim of the first experimental chapter in this thesis (chapter 4) will be to

examine the physiological and perceptual responses to SSG training over a 24-hour period.



Strength and power are considered fundamental physical qualities in many sports, including
soccer (Stelen et al., 2005; Silva, Gamble, 2006; Turner & Stewart, 2014; Silva, Nassis, &
Rebelo, 2015). There is a considerable body of research examining the importance of these
physical qualities, and how they underpin the performance of many key game demands in
soccer, such as sprinting, kicking, tackling, heading, accelerating, and changing direction
(Wisloff et al., 2004; Wing, Turner, & Bishop, 2018; Northeast et al., 2019; Boraczynski et al.,
2020). Furthermore, there is convincing evidence that greater strength diminishes the number
and severity of injuries in team sport (Lehnhart et al., 1996; Croisier et al., 2008; Opar et al.,
2015; Timmins et al., 2016). As a result of these benefits, elite soccer teams often schedule
resistance training on the same day as soccer training, and most commonly, resistance training
follows field training (Cross et al., 2019). However, the impact of performing a second daily
training session in soccer is unknown. Therefore, the aim of chapter 5 will be to examine the
physiological and perceptual responses to a training day consisting of a single SSG training
session, in comparison to a day consisting of a double training session (i.e., SSG and resistance

training).

The concurrent training paradigm has long been associated with an 'interference effect',
whereby attenuated strength and power or aerobic adaptation may occur in comparison to those
following resistance or endurance training alone (Wilson et al., 2012; Fyfe, Bishop, & Stepto,
2014; Eddens, van Someren, & Howatson, 2018; Doma et al., 2019; Lee et al., 2020). Whilst
the underlying mechanisms of the interference effect are likely multifactorial, possible reasons
highlighted in previous literature involve residual fatigue (i.e., inhibition in the performance of
training) (Doma, Deakin, & Bentley, 2017), conflicting hormonal profiles (Bell et al., 2000),
and incompatible molecular signalling pathways (Atherton et al., 2005; Spiering et al., 2008b;
Hawley, 2009). However, with correct exercise sequencing and programming, there is evidence
that separate bouts of training performed on the same day but with sufficient recovery time,
can result in elevated performance, which is likely due to acute changes in circulating hormone
concentrations (Ekstrand et al., 2013; Cook et al., 2014; Russell et al., 2016a), or a phenomenon
known as post-activation potentiation (PAP) (Hodgson, Docherty, & Robbins, 2005; Wilson et
al., 2013). Furthermore, it is thought that factors such as training modality, volume, intensity,
between-session recovery time, and session order can influence both the acute responses and
chronic adaptations to concurrent training (Sale et al.,1990; Wilson et al., 2012; Doma &
Deakin, 2013; Enright et al., 2015; Robineau et al., 2016; Johnston et al., 2017; Lee et al.,

2020). However, the literature in this area is often conflicting, and many studies have recruited



amateur or recreational athletes (Sale et al., 1990; Robineau et al., 2016; Fyfe et al., 2016; Lee
et al., 2020), and these results cannot necessarily be generalised to well-trained soccer players.
Furthermore, training studies have typically assessed traditional modes of aerobic or endurance
training (e.g., continuous or interval cycling or running) combined with various forms of
resistance training (Sale et al., 1990; Robineau et al., 2016; Fyfe et al., 2016; Lee et al., 2020).
Consequently, the acute interactions between on-field and resistance training in team sport are
not well understood, which is problematic considering the prevalence of such practices in
applied settings (Jones et al., 2016a; Cross et al., 2019). Therefore, the primary aim of
experimental chapter 6 in this thesis will be to investigate the acute interactions between same-
day SSG and resistance training in soccer. More specifically, to compare the effects of
manipulating the order of SSG and resistance training on the neuromuscular, endocrine, and

perceptual responses over 24 hours.

The factors discussed above create an important challenge for those responsible for designing
soccer training programs, and athletes will be experiencing a continuous cycle of physical
loading, fatigue, recovery, and adaptation. A well-designed training program should strive to
find an optimal balance between these factors (Morgans et al., 2014; Turner & Stewart, 2014;
Walker & Hawkins, 2017). Furthermore, as variations in the fixture schedule may occur during
a season (e.g., cup competitions) and training and competition demands may vary due to a
multitude of factors (e.g., player work-rate, tactical approaches, coaching changes, travel,
injury, and lifestyle factors), being able to monitor the performance and fatigue status of each
athlete with reliable and valid methods is imperative. This provides performance and coaching
staff with objective data to inform the decision-making process on training and recovery
strategies, with the aim of maintaining and optimising performance throughout a season
(Akenhead & Nassis, 2016; Thorpe et al., 2017). Indeed, methods such as the use of global
positioning systems (GPS) to measure external demands, and various monitoring techniques to
assess the responses to exercise (e.g., neuromuscular performance, biomarkers, subjective
questionnaires) are commonplace in elite soccer (Akenhead & Nassis, 2016; Thorpe et al.,
2017). However, using these methods to investigate the performance of or responses to SSG
training and their integration into a concurrent training program is not well understood.
Therefore, this thesis has been designed to broaden and enhance our understanding of

concurrent training in soccer. Briefly, the primary aims of this thesis will be to:



Characterise the neuromuscular, endocrine, biochemical, and mood responses to SSG
training over a 24-hour period

Compare the 24-hour responses to a training day consisting solely of SSG training,
versus a training day consisting of SSGs with the addition of a resistance training
session 2 hours later.

Investigate the acute performance and fatigue effects of manipulating the order of SSG

and resistance training over 24 hours.



Chapter 2.

Review of Literature



2.1 REVIEW OF LITERATURE INTRODUCTION

The following literature review is separated into nine main sections. Each section will be
written with the aim of providing a theoretical background to this thesis and to justify why the

series of studies have been conducted:

e As competition performance is ultimately the overarching activity practitioners are
trying to improve, the first section (2.2) will provide a comprehensive background on
the demands of competitive soccer. Here, the interaction between the combination of
factors that underpin performance will be discussed. This section will be written to

provide a foundation for the subsequent sections.

e Section 2.3 will review the current literature on soccer training. This section will
highlight the challenges of structuring soccer training and discuss our current
understanding of its organisation. Then, this section will progress into a specific focus
on the efficacy of SSGs as a training method, and how manipulation of multiple
variables can affect the demands and the immediate physiological responses. Moreover,
the previously reported demands of SSGs in comparison to 11 vs 11 matches and
traditional modes of interval training will be discussed. Finally, this section will review
the literature regarding strength and power in soccer and how these qualities underpin

performance.

e Section 2.4 will examine the common methods used to quantify the external physical
demands in team sports. Here, there will be a particular focus on how GPS devices are
predominantly used in soccer, and its reliability and validity in detecting the key

training and game demands highlighted in sections 2.2 and 2.3.

e Section 2.5 will review the literature regarding neuromuscular fatigue and highlight the
various mechanisms that may be responsible for a loss of performance. Furthermore,
this section will review previous studies that have assessed the neuromuscular response

after soccer specific activity.

e Section 2.6 will discuss the role of the endocrine system on acute changes in

neuromuscular performance and the chronic adaptations to exercise.



Section 2.7 will discuss the benefits and limitations of previous methods used to
monitor neuromuscular function in both laboratory and applied settings. Furthermore,

other common strategies used to monitor fatigue and recovery will be reviewed.

Section 2.8 will review the literature regarding the acute responses to soccer and
resistance training. Then, how the combination of training modes (i.e., concurrent
training) may interact, and importantly, how manipulating the organisation of training

may influence the acute responses and chronic adaptations to concurrent training.

Summaries and conclusions from the review will be provided in section 2.8. Here, the
gaps in the literature will be identified which provides justification for the development

of the research questions in this thesis.

Finally, taking all this information together, section 2.10 will specify the aims and
objectives of the experimental chapters and list the specific questions this thesis hopes

to answer.



2.2 DEMANDS OF COMPETITIVE SOCCER

Performance in soccer is determined by a complex interaction between a multitude of factors
(Bangsbo, 2015). Over the last five decades, the demands of soccer matches have been well
documented, with several methodological systems used and key variables highlighted to
quantify match demands (Carling et al., 2008; Sarmento et al., 2014). Early work in this area
predominantly relied on video-based notational analysis, however, the more recent
development of computerised multi-camera tracking and GPS has circumvented the more
traditional methods (see section 2.4.2 for a review of tracking methods). A comprehensive
understanding of the match demands can inform better training prescription, as training
programs can be tailored according to the specific demands and the differences commonly
observed across playing positions (Carling, 2013). For the purpose of this review and the
subsequent experimental chapters, there will be a primary focus on the physical and
physiological demands of soccer. However, there is a dynamic interaction between the key
factors highlighted (i.e., physical, physiological, psychological, technical, and tactical), all of
which underpin performance in soccer (Rampinini et al., 2008). Therefore, these relationships

will also be discussed, albeit more briefly, within this section of the review.

2.2.1 Physical demands of matches

Soccer match-play is characterised as a prolonged intermittent sport that requires players to
perform brief, high-intensity linear and multi-directional activities interspersed by longer,
variable periods of low to moderate-intensity recovery periods (Bangsbo, Mohr, & Krustrup,
2006; Rampinini et al., 2007b; Carling et al., 2008). Despite the various methods used to
evaluate the activity profiles of soccer players, it is consistently reported that elite outfield
players will typically cover between 9 — 13 km of total distance throughout a 90-min match,
which is dependent on playing position (Table 1; Mohr, Krustrup, & Bangsbo, 2003; Bradley
et al., 2009; Sarmento et al., 2014). The majority of this distance (>70%) is covered during
low-intensity activity such as walking and jogging (Mohr, Krustrup, & Bangsbo, 2003;
Bangsbo, Mohr, & Krustrup, 2006), and these periods are necessary to facilitate recovery
between the high-intensity explosive actions that often determine the outcome of matches
(Helgerud et al., 2001; Stelen et al., 2005). A study by Faude and colleagues (2012) reported
that out of a sample of 360 goals scored during the 2007/08 German Bundesliga season, the

majority (83%) were preceded by at least one ‘powerful’ action by the scoring or assisting
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player. Although analysed subjectively, these powerful actions included linear sprints, change
of direction (COD) sprint, jumps, rotation (around the centreline of the body), or a combination
of those actions. Furthermore, the authors reported that the most frequent action for the scoring
player was a linear sprint, which was involved in 45% of goals (Faude, Koch, & Meyer, 2012).
Therefore, it seems prudent that many previous studies have focused on the number of efforts
or distance covered during high-speed running (HSR) and sprinting activities. Furthermore,
previous researchers have suggested that these parameters are important markers of physical
performance due to their strong relationship with training status and physical capacity
(Krustrup et al., 2003; Krustrup et al., 2005; Bradley et al., 2009). The thresholds at which
these activities are classified vary considerably between studies (Table 1 & Table 7), but given
a common HSR band of 19.8 — 25.2 km-h! (or 5.5 — 7.0 m-s™") and a sprinting threshold of
>25.2 km-h! (or >7.0 m-s™), elite players will typically cover between ~500 — 1200 m of HSR
and ~100 — 450 m of sprinting, which is dependent on playing position (Table 1). Relative to
the overall distance covered by players, ~5 — 13% is covered during HSR and ~1 — 4% whilst
sprinting (Bradley et al., 2009; Di Salvo et al., 2010). Highlighting the importance of HSR
ability for the contemporary player, Barnes et al. (2014) examined the evolution of the physical
demands across a seven-season period (2007/07 — 2012/13) in the English Premier League
(EPL). The authors observed that HSR (19.8 — 25.2 km-h'') and sprinting (>25.2 km-h'!)
distances have increased substantially (~30 — 50%), with the number of sprint efforts increasing
by ~85%. This also coincided with increases in technical actions, with more passes (35 + 17 vs
25 + 13) and successful passes (83 = 10% vs 76 = 13%) in 2012/13 compared to 2006/07. Thus,
players must be athletic and robust enough to cope with these physical demands whilst

maintaining technical proficiency, which has important implications for training design.

However, a primary focus on total, HSR and sprinting distances omits several key match
activities such as changing direction, accelerating, decelerating, jumping, tackling, and kicking.
It has been observed that elite players will perform ~150 — 250 of these brief but intense actions
throughout a game (Mohr, Krustrup, & Bangsbo, 2003). These actions are known to be
metabolically and mechanically taxing when repeated (Osgnach et al., 2010; Gaudino, Alberti,
& laia, 2014; Nedelec et al., 2014) as well as being important in influencing performance and
match outcome (Faude, Koch, & Meyer, 2012). Through the more recent development of GPS
devices sampling at higher frequencies (e.g., >5 Hz), and with the integration of triaxial
accelerometers, further insight into these parameters can be gained (see section 2.4.5 for

review). Due to the intermittent and multidirectional demands of soccer requiring regular
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changes of speed and direction, acceleration and deceleration activity has drawn particular
focus in both literature and practical settings (Akenhead & Nassis, 2016). These parameters
are associated with critical activities in soccer, such as being first to the ball and creating or
stopping goal-scoring opportunities (Carling et al., 2008). Acceleration is a distinct physical
quality and requires a higher rate of force development, energy expenditure, and neural
activation compared to running at a continuous speed (Mero & Komi, 1987; di Prampero et al.,
2005; Osgnach et al., 2010). Additionally, decelerations involve high-force eccentric muscle
contractions, which have the potential to result in muscle damage, mechanical and metabolic
fatigue (Butterfield, 2010; Thorpe & Sunderland, 2012). Whilst acceleration is clearly a
precursor to HSR, Varley and Aughey (2013) reported that high-intensity accelerations
(defined as a change in velocity >2.78 m-s?) occurred ~8 times more frequently than sprint
efforts (defined as a velocity >6.94 m-s) in 29 elite soccer players over 34 competitive
matches. Furthermore, in this study, ~85% of the accelerations registered did not advance into
a HSR effort (defined as a velocity >4.17 m-s™") (Varley & Aughey, 2013). In support of these
findings, researchers who have incorporated acceleration-related workload parameters (e.g.,
the distance covered in specific acceleration and deceleration thresholds), have highlighted that
an ~6 — 8% underestimation in workload may result from monitoring distance and speed alone
(Osgnach et al., 2010; Gaudino et al., 2013). However, it should be noted that the reliability
and validity of measuring accelerations and decelerations with GPS devices has been
questioned, particularly when the change in velocity exceeds 3 m's? (Akenhead et al., 2014;
Buchheit et al., 2014a). Furthermore, variability and inconsistency in these variables between
GPS manufacturers have been reported (Thornton et al., 2018), making comparisons between
studies and athletes problematic. There are many different variables to be considered in match
performance analyses, so finding metrics that are valid, reliable, and appropriate for the
environment is imperative. A full review of the various match analyses techniques and the

metrics that have received focus in previous literature is provided in section 2.4.

2.2.2 Positional differences

As alluded to previously, there are differences in the physical demands across the various
playing positions in soccer (Table 1). Typically, these positions are divided into six categories:
goalkeeper (GK), central defender (CD), fullback (FB), central midfielder (CM), wide
midfielder (WM), and forward (FW) (Table 1). It is consistently reported that CDs perform

significantly less total distance and HSR than all other positions (Table 1). However, their role
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in the team is predominantly more combative than other positions, with a relatively high
proportion of their physical load likely being derived from duels and impacts (e.g., tackles,
headers, and body contacts) (Bloomfield et al., 2007; Dellal et al., 2010b; Arrones et al., 2014;
Torrenno et al., 2016). These actions can potentially induce muscle damage and impair
neuromuscular function, irrespective of running demands (Bloomfield et al., 2007). Previous
research generally shows that CM players cover the most total distance, and CM, FB and WM
players cover more HSR compared to other positions (Barros et al., 2007; Di Salvo et al., 2007;
Bradley et al., 2009; Di Salvo et al., 2009). Several reasons may explain why these positional
differences in locomotive patterns exist, which is highly influenced by the tactical nature of
each role and the playing formation of the team (Bradley et al., 2011; Tierney et al., 2016;
Aquino et al., 2018). Nevertheless, some studies have shown that positional differences in
physical and physiological capacity exist, with CM and FB players possessing greater maximal
oxygen uptake (VO2max) in laboratory tests (Reilly, Bangsbo & Franks, 2000), and performing
better in intermittent running tests (Reilly et al., 2000; Mohr, Krustrup, & Bangsbo, 2003)
compared to other positions. With regards to sprinting distance (>25.2 km-h'!), the lateral
positions (i.e., FB & WM) along with FW positions typically perform the greatest distance
(Table 1; Bradley et al., 2009; Di Salvo et al., 2009; Reinhardt et al., 2020). Furthermore, these
positions have been shown to reach the highest maximum velocity during matches (Bradley et
al., 2010). This may be explained due to the lateral players having more time and space on the
flanks of the pitch to fully accelerate, or the FW players having more space to make attacking
runs (i.e., behind the opposition defenders). Furthermore, it is plausible to suggest that
acceleration ability and maximal speed are key attributes for these positions, which dictates
their talent identification and selection in the team (Ferro et al., 2014). Both factors likely
contribute to the differences seen in sprint distance and maximal velocity across playing
positions. Table 1 provides a summary of key studies that have assessed the physical demands

and positional differences in soccer match-play.
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Table 1. Summary of key studies that have assessed the physical demands across different playing positions and levels during competitive 11 vs
11 soccer matches.

Study Sample Tracking Variable (mean = SD) Key findings
method
Mohr, 18 elite male Italian first Video analysis Total dist. HSR dist. (15-18 km-h™) SPR dist. (>18 km-h™) - MF, FB & ATT covered more total dist. than CB (p <0.05).
Krustrup, & division players & 24 (manual CB 9740 £ 220 m CB 1690 + 100 m CB 440 +30m - MF, FB & ATT covered more HSR dist. than CB (p <0.05).
Bangsbo professional Danish first coding). FB 10980 + 230 m FB 2460 + 130 m FB 640 + 60 m - FB & ATT covered more SPR dist. than CB & MF (p <0.05).
(2003) division players (7 games MF 11000 £210 m MF 2230 + 150 m MF 440 £ 40 m
per team). FW 10480 + 300 m FW 2280 + 140 m FW 690 = 80 m
28 men’s EPL games Multi-camera Total dist. HSR dist. (19.8-25.2 km-h")  SPR dist. (>25.2 km-h™) - CM & WM covered more total dist. than all other positions (p <0.05).
Bradley et across  the  2005/06 computerised CB 9885 +555m CB 603+ 132 m CB 152+ 50 m - WM covered more HSR dist. than all other positions (p <0.05).
season (observations = tracking system FB 10710+ 589 m FB 984+ 195 m FB 287+ 98 m -FB & WM covered greater SPR dist. than all other positions (p <0.01).
al. (2009) 35 (Prozone) CM 11450 + 608 m CM 927 £ 245 m CM 204+ 89 m
(10 Hz). WM 11535+933 m WM 1214+ 251 m WM346+115m
FW 10314 £ 1175 m FW 9554239 m FW 264+ 87 m
Di Salvo et 563 male EPL players Multi-camera - HSR dist. (19.8-25.2 km-h™)  SPR dist. (>25.2 km-h") -WM covered more whilst CB covered less HSR dist. than all other
al. (2009) over 3 seasons (2003 - computerised CB 681+ 128 m CB167+53m positions (p <0.05).
2006) (observations = tracking system FB911+123 m FB 238+ 55m - WM & ATT covered more SPR dist. than FB, CM & CB whilst FB
7355). (Prozone) CM 928 £ 124 m CM217+46 m covered greater SPR dist. than CM & CB. CB covered less SPR dist.
(10 Hz). WM 1049 + 106 m WM 260 + 47 m than all other positions (p <0.05).
FW 968 + 143 m FW 262+ 63 m

Dellal et al.
(2010b)

Elite male French first
division players over the
2005/06 season
(observations = 5938).

Multi-camera
computerised
tracking system
(Amisco  pro)
(25 Hz).

Total dist.

CB 10426 + 808 m
FB 10656 + 860 m
CDM 11501 £901 m
CAM 11726 £ 984 m
WM 12030 £ 978 m
FW 10943 £ 979 m

HSR dist. (21-24 km-h™)
CB230+56m

FB 274 +63m

CDM 302+ 69 m

CAM 335+ 62 m

WM 336 + 64 m

FW 300 +57 m

14

SPR dist. (>24 km-h)
CB 199 + 66 m

FB 241+ 70 m

CDM 221+ 76 m
CAM 235+ 72 m

WM 235+ 85m

FW 290+ 75m

- CDM, CAM & WM covered more total dist. than all other positions
(p <0.05).

- WM & CAM covered more whilst CB & FB covered less HSR dist.
than the other playing positions (p <0.05).

- ATT covered more whilst CB covered less SPR dist. than all other
playing positions (p <0.05).



Varley & 29 elite male Australian 5 Hz GPS HIACC (>2.78 m-s?) HI efforts (15-25 km-h™) SPR efforts (>25 km-h™) - FB performed more whilst CB less HI ACC than all other positions
Aughey first division players over  devices (SPI CB56+18 CB 104 + 28 CB5+3 (p <0.05).
(2013) 34 matches during the Pro, GPSports). FB 90+ 15 FB 156 +22 FB12+5 - FB performed more HI efforts than CB & CM (p <0.05).
2010/11 season CM 60 +20 CM 125 + 41 CM4+4 - WM performed more HI efforts than CB & ATT (p <0.05).
(observations = 126). WM 65 + 18 WM 141 + 31 WM 8 +4 - FB & ATT performed more SPR efforts than all other positions (p
FW 69 + 19 FW 127 +23 FW 14+ 6 <0.05).
- CB & CM performed less SPR efforts than all other positions (p
<0.05).
Ade, 20 male EPL players in  Multi-camera RHIE efforts HI efforts (>21 km-h™) Mean HI effort dist. - WM performed more HI efforts than CB, FB & CM (ES: >0.6).
Fitzpatrick, 46 games over computerised CB1.7+14 CB20.3£6.5 CB 16.6£3.0m - CB performed less HI efforts compared to all other positions (ES:
& Bradley, consecutive seasons tracking system FB3.6+2.6 FB 30.6 £ 10.2 FB20.2+2.6m >0.6).
(2016) (2010/110 - 2013/14) (Amisco pro) CM29+1.6 CM29.4+93 CM 18.5+2.8m - WM performed more RHIE efforts than CB, CM & ATT (ES: >0.6).
(observations = 100). (25 Hz). WMS52+34 WM 38.7+ 14.4 WM203+35m - CB performed less RHIE efforts than all other positions (ES: >0.6).
FW34+2.1 FW 33.6+10.0 FW 17.8+22m
Martin- 23 young professional 10 Hz GPS Mostintense 1-min period Most intense 1-min period Mostintense 1-min period - In most intense 1-min period, FB, CM & WM covered greater total
Garciaetal. males from Spanish 2™  devices total dist. (m-min™) HSR dist. (>19.8 km-'h") SPR dist. (>25.2 km-h™") distance per minute than CB & FW (p <0.001).
(2018a) division over 37 games (STATSports (m-min™) (m-min™) - No significant differences for most intense 1-min period for HSR
(2015/16) (observations  Viper Pod) CB 181.9 + 16.4 m'min’’ CB 47.2 £ 19.3 m'min"' CB 19.1 +£20.5 m-min"' distance per minute across positions (p= 0.069).
= 605). FB 195.3 + 15.7 m"min’' FB 55.9 +£20.2 m'min’! FB 18.3 £ 18.1 m'min’' - No significant differences for most intense 1-min period for SPR
CM 204.0 £ 19.0 mmin’! CM 45.2 +£22.6 m'min’' CM 12.7 + 17.2 m'min™! distance per minute across positions (p= 0.085).
WM 201.1 + 19.0 m-min™' WM 48.3 + 16.4 m'min’’ WM 11.4 + 12.5 m'min’’
FW 180.9 + 20.4 m-min"' FW 49.4 + 16.4 m'min’’ FW 18.8 + 16.6 m'min’’
Reinhardt 55 sub-elite male players 10 Hz GPS  Total dist. HSR dist. (21-24 km-h™) SPR dist. (21-24 km-h™) - CM performed more whilst CB performed less total dist. than all other
etal. (2020)  competing in German 4"  devices (Polar CB 9212+457 m CB 350+ 60 m CB84+31m positions (p <0.05).
& 5" divisions over Team Pro, Polar FB 9757 +£254 m FB 548 + 78 m FB 166 + 45 m - WM performed more whilst CB performed less HSR dist. than all
consecutive seasons  Electro). CM 10760 + 588 m CM 555+ 164 m CM97+4lm other positions (p <0.05).
(2016/17 - 2018/19) WM 10417 £375 m WM 689+ 121 m WM 237+ 79 m - WM performed more whilst CB & CM performed less SPR dist. than
(observations = 485). FW 9586 + 499 m FW 528 £ 108 m FW 170 £ 84 m all other positions (p <0.05).

Abbreviations: CB, centre back; FB, full back; CM, central midfield; CDM, central defensive midfield; CAM, central attacking midfield; WM, wide
midfielder; FW, forward; dist, distance; HSR, high-speed running; SPR, sprinting; HI, high-intensity; ACC, accelerations; RHIE, repeated high-
intensity efforts (minimum of 2 efforts separated by a maximum of 20 s recovery).
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2.2.3 Relationship between match output and playing standard

Previous research comparing the relationship between HSR data and team performance is
equivocal. Several studies have reported that players competing at a higher level perform more
HSR than those at a lower level (Ekblom, 1986; Bangsbo, Norregaard, & Thorso, 1991; Mohr
et al., 2008; Ingebrigtsen et al., 2012). For example, an early study by Mohr, Krustrup, and
Bangsbo (2003) compared moderate-speed running (MSR) distances (15 — 18 km-h™!) between
an elite Italian team competing in Champions League against a sub-elite team competing in
Danish first division. The authors reported that on average, the elite players performed ~28%
more MSR than the sub-elite players (2430 £ 140 m vs 1900 + 120 m) (Mohr, Krustrup, &
Bangsbo, 2003). However, this study examined match running performance in only 18 elite
and 24 sub-elite players over seven games, and the teams were competing at vastly different
standards in different countries. Furthermore, the activities were quantified via video-based
manual coding, which is likely to be prone to human error. A pair of more recent studies
including 563 players in the top professional league in England (Di Salvo et al., 2009) and 186
players in Italy (Rampinini et al., 2009a) investigated the relationship between physical output
and final league ranking. Both studies found that lower-ranked teams in each league covered
significantly greater distances at high-intensity running thresholds. In EPL players, the
distances covered at speeds between 19.8 — 25.2 km-h'! and >25.2 km-h™! were significantly
greater in both middle to bottom-ranked teams in comparison to their top-five ranked
counterparts (p <0.05) (Di Salvo et al., 2009). In the Italian Serie A League, similar findings
were reported in players competing for the five highest-ranked teams in comparison to the five
lowest-ranked teams (Rampinini et al., 2009a). In this study, the distances covered in the
bottom five teams at thresholds >14.0 km-h™! and >19.0 km-h™! were 11% and 9% higher (p
<0.01) than the highest ranked teams, respectively. Bradley et al. (2013) compared the physical
outputs in the top three divisions in England (EPL vs Championship vs League 1) and reported
that those in the lower leagues (i.e., Championship and League 1) performed significantly more
total, HSR (19.8 —25.2 km-h!) and sprinting distances (>25.2 km-h™") than their Premier
League counterparts, irrespective of playing position (p <0.01). These differences were despite
no significant differences in intermittent running performance (i.e., Yo-Yo intermittent
endurance test level 2) measured between the leagues. However, in the same study, technical
indicators (i.e., total passes, successful passes, forward passes, balls received and touches per
possession) were significantly higher in the Premier League players compared to the lower

division players (p <0.01) (Bradley et al., 2013). There are several feasible explanations for the
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discrepancy between findings in this area. Firstly, many of the studies that reported
significantly greater physical outputs at higher vs lower standards of play were conducted in
various elite and sub-elite Scandinavian leagues. It may be that when similar methods are
applied in countries where there are multiple full-time elite leagues (e.g., England and Italy),
this relationship reverses due to less variation in the competition level and training status
between leagues. Secondly, the previously mentioned studies in the EPL (Di Salvo et al., 2009)
and Italian first division (Rampinini et al., 2009a) that reported differences in the distance
covered at high-speed between successful and less-successful teams, also identified large
discrepancies in efforts concerning time spent in and out of possession of the ball. Indeed, the
frequency of ball possessions, short and long passes completed, shots, and shots on target were
also higher in the more successful Italian teams (Rampinini et al., 2009a). The greater high-
speed activity observed in the lower-ranked teams here could be a consequence of their
inability to maintain ball possession and attempt to regain it when lost. This theory may also
go some way in explaining the differences reported between the top three English leagues by
Bradley et al. (2013). Taken together, these studies highlight the complexity of match running
demands and suggests that analysis of HSR data alone does not discriminate between
‘successful’ and ‘unsuccessful’ teams. It seems that other factors, such as technical and tactical
effectiveness, playing style, time in possession and other contextual factors are likely to have

an important influence on both the physical demands and the game outcome.

2.2.4 Aerobic demands

Due to the length of a match (=90-min) and the prolonged periods of low-intensity activity, the
aerobic system is the predominant energy pathway in soccer, and it is estimated that ~90% of
player energy is provided by aerobic metabolism (Stelen et al., 2005). Most previous studies
report an average heart rate (HR) of ~80 — 90% of maximum values (HRmax) over the course
of a match, which equates to an exercise intensity close to the anaerobic threshold in soccer
players (Stelen et al., 2005). This corresponds to an average oxygen uptake of ~70 — 75% of
VO2max (Bangsbo, Mohr, & Krustrup, 2006; Reilly, 2007; Krustrup et al., 2011). A systematic
review of 25 studies conducted in elite male players revealed mean VOzmax values of ~59
mL-kg!'min! (range, 52.1 — 67.6 mL-kg!'min™'), and these values remained relatively stable
over the three decades in which the studies were published (i.e., 1975 — 2012) (Shalfawi &
Tjelta, 2016). Some studies have reported significant relationships between aerobic capacity

and the total distance covered during matches (Impellizzeri et al., 2006; Krustrup et al., 2003;

17



Krustrup et al., 2005; Rampinini et al., 2007a). For example, a training intervention study by
Helgerud et al. (2001) suggested that an increase in VOamax from 58.1 to 64.3 mL-kg™!'-min’!
(+10.8%) resulted in a 20% increase in the distance covered during a match. However, these
correlations do not necessarily indicate causation, and it is possible that the increased total
distance during matches is driving the increase in VOzmax, rather than vice versa. Furthermore,
these results may be misleading without considering the contextual variables (e.g., tactics,
possession, game status, environment) that influence the total distance covered during games.
Indeed, the total distance covered by a team is a poor indicator of success (Carling, 2013). In
support of this, Arnason et al. (2004) reported no relationship between VOamax and final league
standing in the top 20 ranked teams in Iceland. Furthermore, in a study of 1545 male players
over a 23-year period (1989 — 2012), Tennessen and colleagues (2013) did not find any
significant differences in VOamax between international, first division, second division and
junior players. Nevertheless, a well-developed aerobic capacity undoubtedly supports the high-
intensity intermittent nature of the game, with rapid VO; kinetics required to facilitate the
recovery between repeated high-intensity bouts (e.g., hydrogen ion [H*] buffering, enhanced
phosphocreatine [PCr] regeneration) (Tomlin & Wenger, 2001). Previous researchers have
suggested a VOomax of ~60 mL-kg!'min! represents a minimum threshold in which players
possess the physiological attributes for success in elite men’s soccer (Reilly, Bangsbo, &
Franks, 2000; Tennessen et al., 2013; Shalfawi & Tjelta, 2016). Beyond this baseline, other
physical qualities such as linear sprinting speed, agility, and RSA are suggested to be more
influential in performance (Impellizzeri et al., 2008; Kaplan, Erkmen, & Taskin, 2009; Haugen,
Tonnessen, & Seiler, 2012). Indeed, a study by Rampinini et al. (2009b) reported that
professional players performed better than well-trained amateur players in a RSA test with a
directional change (i.e., 6 x 40 m shuttles, with 20 s recovery), despite similar VOamax values
between groups. Therefore, it is suggested that VOamax may not be the most suitable indicator
of aerobic fitness in soccer players as they typically train for intermittent, rather than
continuous exercise (Drust, Reilly, & Cable, 2000; Bangsbo, Mohr, & Krustrup, 2006;
Krustrup et al., 2006). It is likely that rapid VO kinetics and H" buffering capacity are more
important determinants of RSA performance than VOamax (Bailey et al., 2009; McKay,
Paterson, & Kowalchuk, 2009; Rampinini et al., 2009b). Thus high-intensity interval training
(HIIT) is often a recommended training method to align with the intermittent demands of the

game (Rampinini et al., 2009b).
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2.2.5 Anaerobic demands

Although aerobic metabolism dominates the energy provision during a match, the most
decisive actions (e.g., sprints, shots, tackles, jumps) rely on anaerobic metabolism (Helgerud
et al., 2001; Stelen et al., 2005). Rapid duration high-intensity activities (~ <10 s) performed
infrequently predominantly rely on the ATP-PCr pathway to provide energy (Baker,
McCormick, & Robergs, 2010). Anaerobic glycolysis becomes more prominent when activities
are more frequent and/ or longer in duration (~10 — 120 s) (Baker, McCormick, & Robergs,
2010). Muscle biopsies performed during matches have reported PCr values of ~70% of those
at rest, however, these are possibly much lower (e.g., <30% of resting values) if taken
immediately after the most intense periods of play (Krustrup et al., 2006; Bangsbo, laia, &
Krustrup, 2007). However, this is hard to confirm given the uncontrolled nature of match-play
and the delay between cessation of exercise and extraction of muscle tissue in these studies.
Normal blood lactate (BLa) concentrations reported at the end of each half typically range
between 2 — 10 mmol.L"!, with individual values reported as high as 12 mmol.L"! (Ekblom,
1986; Bangsbo, Norregaard, & Thorso, 1991; Bangsbo, 1994b; Roi et al., 2004; Krustrup et
al., 2006; Aslan et al., 2012). However, it is important to note that BLa concentration in soccer
is largely influenced by the activity pattern of the individual player during the 5-min period
prior to blood sampling, which likely explains the large variation in results (Bangsbo et al.,
1991; Krustrup et al., 2006). In addition, it appears that BLa concentrations are higher in the
first half compared to the second half (Figure 1), which may be related to the reduced distances
and intensities commonly seen in the second half compared to the first (Bangsbo et al., 1991;
Mohr et al., 2003; Stelen et al., 2005). Furthermore, it seems that elite players rely on anaerobic
energy pathways more than non-elite players (Figure 1), which may be related to increased
intensity of play at a higher level (Stelen et al., 2005). Supporting these findings, positive
relationships (= 0.72 — 0.80) between HSR outputs during the peak 5-min periods of play and
the ability to perform high-intensity exercise with a large anaerobic contribution (i.e., Yo-Yo
intermittent recovery test level 2) has been reported (Bangsbo, laia, & Krustrup, 2008; Mohr
et al., 2016b).
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Figure 1. Blood lactate concentrations in elite and non-elite soccer players during the two
halves during a match. Data reproduced from Stelen et al. (2005). Div. = division.

2.2.6 Match-related fatigue

Many previous studies in soccer have divided time-motion analyses data into distinct
timeframes to establish cumulative declines in work rate as the match progresses, or transient
declines after intense periods of play. Time periods examining these within-match patterns in
previous literature vary from 45-min (e.g., Bangsbo, 1994b; Carling & Dupont, 2011), 15-min
(Bradley et al., 2009; Bradley et al., 2010; Akenhead et al., 2013), 5-min (Bradley et al., 2009;
Carling & Dupont, 2011), and various rolling average periods of 1 — 10-min (Varley, Elias, &
Aughey, 2012; Delaney et al., 2018a; Fransson, Krustrup, & Mohr, 2017; Martin-Garcia et al.,
2018a). The consensus in the literature is that activity profiles decline at three distinct phases
during matches: (a) in the second half compared to the first (Figure 2); (b) after short term
intense periods in both halves; and (c) in the final period at the end of each half (Carling et al.,
2008). Furthermore, most (Rampinini et al., 2008; Rampinini et al., 2009a; Russell, Rees, &
Kingsley, 2013) but not all (Carling & Dupont, 2011) studies have shown that these declines
in physical performance are synonymous with declines in technical or skill-related
performance. Therefore, it is plausible to suggest that resistance to fatigue is a key factor in the
effectiveness of the ability of a player to maintain the necessary actions required to influence

the game outcome in soccer (Stone & Oliver, 2009).
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Figure 2 (A & B). Influence of player position on first and second half (A) total high-speed
running (HSR) distance (19.8 —25.2 km-h™!), and (B) total sprint distance (TSD; >25.2 km-h"
1. Reproduced from Di Salvo et al. (2009).

Analysis of multiple studies in various leagues demonstrates that total distance declines by an
average of 3.5 + 1.9% in the second half compared to the first (Carling, 2013). Similar
reductions in HSR (>19.8 km-h'!; -2.8%) and sprinting (>25.2 km-h''; -1.8%) distances have
been observed between halves in EPL players representing multiple teams and over several
seasons (Figure 2; Di Salvo et al., 2009). However, these declines seem to be position
dependent, with positions that typically perform more sprinting distance (i.e., FB, WM & FW)
declining whereas the outputs from CB and CM players were stable or increased (Figure 2; Di
Salvo et al., 2009). Furthermore, total distance and HSR has been reported to be 7.5% and 13%
higher, respectively, in the first 15-min period compared to the last 15-min period in French
first division players (Carling & Dupont, 2011). This is supported by data from Bradley et al.
(2009) in EPL players, who reported a significant decrease in sprinting distance in the final 15-
min of first half (i.e., 30 — 45-min; 34 + 23 m; -21%) and the second half (i.e., 75 — 90 min;
36m = 20 m; -17%), in comparison to the initial 15-min of the game (0 — 15-min; 43 + 17 m).
This pattern aligns with accelerometry measures (Barrett et al., 2016) and the number of efforts

(Russell et al., 2014) and distances covered (Akenhead et al., 2013) at various acceleration and
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deceleration intensities. However, there are potential limitations in using the opening stages of
the match as a benchmark for the subsequent periods. These may be related to the influence of
self-pacing strategies (Edwards & Noakes, 2009), or factors specific to the first 15-min of play
such as residual ergogenic effects from the warm-up (Russell, Rees, & Kingsley, 2013) and a
desire of each team attempting to impose their style of play or gain tactical superiority over the
opposition (Carling et al., 2008). Nevertheless, the declines in running intensity seen at the end
of both halves are synonymous with increases in injury rates in large samples of professional
adult males (Ekstrand, Hagglund, & Walden, 2011; Figure 3A) and elite youth players (Price
et al., 2004; Figure 3B). Therefore, the increased injury rate in these periods has been suggested
to be a consequence of impaired neuromuscular performance and loss of motor control towards
the end of each half (Ekstrand, Hagglund, & Walden, 2011). This is supported by multiple
studies that have reported immediate post-match reductions in markers of physical
performance, such as RSA (Krustrup et al., 2006; Stone et al., 2011), single sprint performance
(Rampinini et al., 2011; Lovell et al., 2003), vertical jump height (JH) (Lovell et al., 2013), and
maximal strength (Rampinini et al., 2011; Brownstein et al., 2017). The mechanisms of match-
related fatigue are likely to be multifaceted in origin, with several central and peripheral

mechanisms implicated (see section 2.5 for detailed review).
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Figure 3 (A & B). The number (A) and percentage (B) of match injuries occurring within 15-
minute time periods in professional adult males (A; Ekstrand, Hagglund, & Walden, 2011) and
elite youth soccer players (B; Price et al., 2004).

With regards to transient fatigue during matches, the amount of HSR in the 5-min period
immediately after the peak 5-min period of play has been reported to decline between 6 — 12%
when compared to the average across the whole match (Mohr et al., 2003; Bradley et al., 2009).
This is supported by Akenhead and colleagues (2013), who reported that in the 5-min period
after the peak 5-min period, the distance covered during high-intensity acceleration (>3 m-s2)
and deceleration (<3 m-s?) activities declined by 10.4% and 11.4%, respectively, when
compared to the match average. By 10-min post the peak period, these values were similar to
the match average (Akenhead et al., 2013). However, Varley, Elias, and Aughey (2012)
demonstrated that pre-defined 5-min periods underestimated HSR by up to 25% and
overestimated the following epoch by up to 32% when compared to rolling periods. Combined,
this resulted in up to a 52% greater reduction in running performance when using rolling
periods vs pre-defined periods (Varley, Elias, & Aughey, 2012). In support of this, more recent
work in EPL players by Fransson and co-workers (2017), reported significant decrements in
HSR across all positions in the 5-min period following the rolling peak 1-, 2- and 5-min period.
Explanations for these temporary reductions are usually associated with peripheral
mechanisms, with various perturbations in muscle metabolites and ion concentrations (e.g.,
PCr, H, calcium ions [Ca®*], sodium ions [Na*], potassium ions [K*]) that impair excitation-
contraction (E-C) coupling being implicated (Mohr, Krustrup, & Bangsbo, 2005; Mohr et al.,
2016b; Hostrop & Bangsbo, 2017).
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There is a large body of research indicating that ~72 — 96 hours of recovery is required to
establish a full recovery following matches. Whilst previous reviews have summarised these
responses in detail (e.g., Nedelec et al., 2012; Silva et al., 2018), physical performance (e.g.,
sprint times, jump performance, strength measures), physiological (e.g., muscle damage,
inflammatory, immunological) and perceptual (e.g., muscle soreness, fatigue) markers have all
been shown to be significantly altered until up to ~72 — 96 hours post-match (Nedelec et al.,
2012; Silva et al., 2018). Several intrinsic (e.g., aerobic fitness, strength levels, age, training
history, playing position) and extrinsic factors (e.g., competition level, opposition standard,
number of recovery days from the previous match) likely influence the external and internal
load experienced by each player with a consequent impact on the time course of recovery (Paul,
Bradley, & Nassis, 2015; Silva et al., 2018). Monitoring the declines in performance and time
course of recovery is of great interest to those involved in soccer for several reasons. Firstly, it
can inform appropriate recovery modalities (e.g., cooling or heating strategies) and nutritional
intake (e.g., glycogen repletion, branched-chain amino acids [BCAA]) to optimise recovery in
this post-match window. Secondly, it can inform training practices (e.g., modality, volume, and
intensity) in the days that follow the match, as exposure to high inappropriate loads in this
window may be harmful. Finally, it justifies the need for well-designed training programs that
achieve the desired adaptations (e.g., strength, aerobic, and anaerobic), and expose players to
the necessary physical demands at appropriate timeframes during the training program to

prepare them for the demands of competition.

2.2.7 Psychological demands

With much focus on the physical, physiological, and technical demands of soccer, the
psychological component has often been overlooked. As discussed previously, numerous time-
motion analysis studies have revealed reductions in physical activity as the match progresses,
and these changes are mostly attributed to physiological mechanisms (e.g., cardiorespiratory,
metabolic, and neuromuscular) (Mohr, Krustrup, & Bangsbo, 2005). However, the perceptual-
cognitive demands of soccer are also challenging (Walsh, 2014; Smith et al., 2018). Players
are required to process a large amount of information regarding their dynamic playing
environment and execute an appropriate response depending on several factors (e.g., tactical
approach, technical ability, physical capacity, game status), all whilst under pressure from
opposition players and crowds (Nedelec et al., 2012). Competition at the elite level and a

congested fixture schedule may further intensify these demands (Coutts, 2016). The persistence
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of cognitively demanding tasks may lead to mental fatigue, which is characterised as a
psychobiological state in which feelings of tiredness and lack of energy occur (Boksem,
Meijman, & Lorist, 2005). Mental fatigue is associated with increases in cerebral adenosine
and perception of effort, as well as decreases in dopamine, motivation, attentional focus,
cognitive performance, and reaction time (Boksem, Meijman, & Lorist, 2005; Martin et al.,
2018; Russell et al., 2019). Soccer players will likely experience mental fatigue during training
and competition, which could contribute to impairments in physical, technical, and tactical

performance (Smith et al., 2018).

The negative impact of mental fatigue on endurance performance has been well-established
and is attributed to a higher perception of effort (Van Cutsem et al., 2017; Martin et al., 2018).
There is also evidence that mental fatigue may impair intermittent exercise performance which
may have implications for soccer performance. For example, Smith, Marcora and Coutts (2015)
used a self-paced 45-min non-motorised treadmill protocol designed to simulate team sport
activity. In a randomised-counterbalanced order, 10 male team sport players performed the
identical running protocol immediately after two 90-min interventions, consisting of either an
emotionally neutral documentary (control) or the AX-continuous performance task (mental
fatigue). The overall running velocity was lower after the mentally fatiguing protocol compared
to the control, despite the rating of perceived exertion (RPE) being similar between protocols.
These findings were confirmed in 12 recreational soccer players using a maximal intermittent
running test (Yo-Yo intermittent recovery test level 1), with players running significantly lower
distances following a 30-min mentally fatiguing Stroop task in comparison to a control trial

(Smith et al., 2016).

Whilst the research suggests that mental fatigue impairs intermittent physical performance in
a controlled environment, the evidence for this in uncontrolled soccer activity (e.g., SSG or 11
vs 11 matches) is less clear. A pair of studies by Badin et al. (2016) and Coutinho et al. (2017)
investigated the effects of mental fatigue (30-min Stroop task) on physical performance during
SSGs (5 vs 5 +GKs and 6 vs 6 +GKs), with only one mentally fatigued team per SSG. Both
studies reported that RPE was /ikely higher in mentally fatigued players, however, the physical
activity profiles assessed using GPS (distances covered, accelerations and decelerations) were
similar between conditions. A further study by Coutinho et al. (2018) mentally fatigued both
teams before a SSG (5 vs 5 + GKs) and compared performance with that of a control SSG.
Whilst the authors did not assess RPE in this study, they reported a likely small reduction in
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the total distance covered in the mentally fatigued SSG compared to the control, yet all other
metrics were similar. These findings contrast with two studies by Kunrath et al. (2018 & 2020)
who reported significant increases in the total distance covered during mentally fatigued SSGs
(3 vs 3 + GKs) compared to control conditions, leaving to authors to suggest a breakdown in
technical actions and tactical activity resulted in the need for covering greater distances. These
findings suggest that the fatigue level of the opponent may impact the influence of mental
fatigue in soccer. Furthermore, it may be that the duration of the SSG protocols used in the
above-mentioned studies (i.e., 12 — 18-min) were not long enough to for the players to
experience the negative effects of mental fatigue, considering that similar research has
consistently shown reductions in performance during prolonged endurance exercise (Martin et
al., 2018), but not strength and power activities (Van Cutsem et al., 2017). The movement
demands during SSGs are likely more dependent on contextual factors (e.g.., technical skills,
tactical factors, decision making) in response to the approach of the opposition team (Coutinho

et al., 2018; Smith et al., 2018).

Although physical performance is clearly important in soccer as it fundamentally underpins all
other aspects of the game, the performance of technical skills is generally a better predictor of
match outcome (Rampinini et al., 2009a). Research has indicated that performance of technical
skills declines over the course of a match (Rampinini et al., 2008; Rampinini et al., 2009a),
which again is typically associated with physiological mechanisms. Whilst successful
execution of key technical skills (e.g., passing and shooting) is compromised under physical
fatigue (Russell, Benton, & Kingsley, 2011), research in both controlled and applied settings
has indicated that mental fatigue may also be contributing factor. Decrements in passing (Smith
et al., 2016) and shooting (Smith et al., 2017) accuracy have been reported in technical
performance tests when preceded by a mentally fatiguing 30-min Stroop task. The simulated
tasks used here were the Loughborough soccer passing and shooting tests, which have been
shown to have acceptable test-retest reliability and can discriminate between playing levels in
soccer (Le Moal et al., 2014). However, it has been shown that these tests have impractical
criterion validity when compared against actual match performance when assessed by video
analysis (Serpiello et al., 2016). Nevertheless, Badin et al. (2016) assessed the effects of mental
fatigue during 5 vs 5 SSGs and found reduced passing accuracy, number of positive
possessions, successful tackles, and ball control capability. Taken together, the evidence
suggests mental fatigue may impair technical performance during soccer-specific tasks,

although again, this is unconfirmed 11 vs 11 match-play.
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There is further evidence that mental fatigue can influence tactical behaviours and impair
perceptual-cognitive performance in soccer players. Under controlled conditions in 12 well-
trained players, Smith et al. (2016) reported a decrease in speed and accuracy of decisions in a
soccer-specific film-based task following a 30-min Stroop task, compared to a control
treatment. In applied settings, Coutinho et al. (2017 & 2018) reported that during SSGs,
mentally fatigued teams spend less time in laterally and longitudinally synchronised positions,
which suggests a breakdown in tactical behaviour. Furthermore, Kunrith et al. (2018 & 2020)
reported decreases in ‘tactical action quality’ during 3 vs 3 +GKs SSGs under mentally fatigued
conditions. Unlike the research into the impact of mental fatigue on physical and technical
parameters, Gantois et al. (2020) assessed the effects of mental fatigue (30-min Stroop task)
during 11 vs 11 practise matches. The authors reported that the mentally fatiguing condition

impaired passing decision-making ability compared to the control.

Collectively, the research suggests that mental fatigue may impair physical, technical, and
tactical performance in soccer. However, evidence for this during 11 vs 11 match-play is
scarce, and there are obvious difficulties in exploring this relationship during competitive
games given that it may alter performance and match outcome. Furthermore, most prior
research in this area has examined the effects of artificially generated mental fatiguing
protocols (i.e., video or paper-based tasks) on simulated soccer exercises or SSGs. Whilst these
protocols aim to replicate match demands, there are limitations in using simulations and
generalising to other exercises, which can be easily seen in the duration of the exercises (e.g.,
90-min of match-play vs 12 — 18-min of SSGs). Similarly, there is limited evidence that soccer
match-play induces mental fatigue and results in reduced performance in elite players, as most
of the existing literature has recruited recreational or youth players. Whilst the demands of
elite-level competition very likely place a greater cognitive demand on players, Martin et al.
(2016) have shown that professional cyclists are more resistant to mental fatigue than those of
lower-level, which is likely due to their familiarity with the conditions (Martin et al., 2016). In
support of this, Marcora et al. (2015) reported that training for 12 weeks under mentally
fatigued conditions improved performance by reducing time to exhaustion and RPE during a
maximal cycling test in 40 healthy males, in comparison to a control training trial. This may
have implications for soccer training, as this training approach could be used to enhance fatigue
resistance in the latter stages of games, potentially improving physical, technical, and tactical

performance.
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2.2.8 Whole-season demands

A combination of domestic, continental, and international leagues and cups in elite soccer result
in many fixtures throughout a season, with some elite players competing in up to 60
competitive matches (Nedelec et al., 2012). These matches will often occur within 3 days of
each other, despite an abundance of research demonstrating that at least 72 hours of recovery
is necessary to restore baseline physical capabilities (Nedelec et al., 2012; Silva et al., 2017).
Therefore, when schedules are congested and sufficient squad rotation is not implemented, it
is very likely that players are not establishing a complete recovery between matches. This is a
likely reason as to why injury rates have been shown to be higher during periods of congested
fixtures (Dupont et al, 2010; Dellal et al., 2015), despite no evidence of decreased locomotor
activity (Carling, Gall, & Reilly, 2010; Dellal et al., 2015). For example, Dupont et al. (2010)
reported the injury rate was ~6 times higher in players who regularly competed in two matches
per week in comparison to one. There is evidence that fixture congestion also reduces
performance. Ekstrand and colleagues (2004) reported that athletes who were subjectively
perceived as underperforming at the World Cup in 2002 had played an average of ~12.5
matches in the 10 weeks before the tournament. Conversely, players who had exceeded their
performance expectations had played ~9 matches in the same timeframe. These findings
reinforce the need to implement effective strength, conditioning, monitoring, and recovery
strategies in pursuit of optimised performance throughout the full duration of a competitive
season. Additionally, this highlights the need to understand the physical demands and the
consequent responses of all the activities soccer players will engage in during their training

programs.

2.2.9 Summary of the demands of soccer

From reviewing the literature on the demands of soccer, it is clear that successful performance
requires the development and maintenance of multiple physical and psychomotor qualities
under limited time constraints due to the high fixture demands. Players must have well
developed aerobic systems in conjunction with anaerobic qualities that often determine the
outcome of games. These energy systems support the intermittent nature of the game, which
requires repeated bouts of high-intensity activity that are underpinned by strength and power
qualities, as well as technical proficiency and perceptual-cognitive skills. In addition, players

must be athletic and robust enough to cope with the demands throughout the season to maintain
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performance and reduce the risk of injury. This requires concurrent training methods to target
the multiple physical adaptations. However, limited research exists on how to best schedule
each training session into the training week to optimise the required adaptations. The next
section will review soccer training, with a primary focus on SSGs as they are a very popular
training method and often thought to simultaneously target the multiple match demands

highlighted within the first sections of this review.
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2.3 SOCCER TRAINING

Due to the multifaceted match demands highlighted in the opening section of this review,
soccer players are required to concurrently train multiple physical qualities aligned to
successful performance, including but not limited to; aerobic capacity, RSA, agility, COD,
strength, power, speed, acceleration, as well as engage with technical and tactical training. On
the field, some teams may aim to develop these qualities simultaneously through training
exercises involving the ball, whilst others may perform isolated physical sessions such as
running drills, or a combination of both (Dupont, Akakpo & Berthoin, 2004; Fransson et al.,
2018; Sarmento et al., 2018). There are multiple ways to structure soccer training and the
content will ultimately depend on factors such as the club and coaching staff philosophy, the
individual needs of the players, the fixture schedule, and the period of the season (Morgans et
al., 2014; Walker & Hawkins, 2017). Nevertheless, it is necessary for those responsible for
designing soccer training to have a detailed understanding of the demands and responses to
each training session a player performs to recognise when to prescribe appropriate exercises

and training loads.

2.3.1 Periodisation

Periodisation is defined as a theoretical model that offers a framework for the planned and
systematic variation of training parameters in order to direct adaptations towards a training goal
(Brown & Greenwood, 2005; Gamble, 2006). Variation in prescribed training exercises,
volumes and intensities is a fundamental concept in any successful training program (Morgans
et al., 2014). Accordingly, numerous studies have reported that periodised training results in
enhanced adaptations compared to training with a constant load throughout the study period
(Gamble, 2006; Williams et al., 2017). This is a consequence of prolonged exposure to the
same training stimuli failing to elicit further adaptation (Gamble, 2006; Morgans et al., 2014).
Additionally, sustained training loads of the same stimulus, especially when high, can lead to
maladaptation and negative outcomes such as chronic fatigue and overuse injury (Gamble,
2006; Morgans et al., 2014). Either or both outcomes would result in ineffective training

programs and reduce their benefit to the athlete and the team.

Traditionally, models of periodisation were designed to support the training process in sports

where there is a clear intention to ‘peak’ for a major competition or tournament, such as the
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Olympics in track and field or competition in martial arts (Issurin, 2010). However, in most
team sports in general, and certainly soccer, athletes attempt to physically peak for ~40 — 50
fixtures that occur over ~10 — 11 months (Morgans et al., 2014). Therefore, applying traditional
models of periodisation (e.g., linear, block, conjugate), particularly during the in-season phase
is problematic for several reasons (Issurin, 2010; Gamble, 2006; Turner & Stewart, 2014;
Morgans et al., 2014; Walker & Hawkins, 2017). Challenges of applying such models in team

sport include:

e The frequency of fixtures making it difficult to find sufficient time to apply meaningful
concentrated loading and tapering periods (Issurin, 2010).

e The length of the competitive season making it impossible to ‘peak’ over such an
extended period (Issurin, 2010).

e The short pre-season, which can be less than six weeks in elite soccer (Mujika et al.,
2018).

e Multiple training goals (e.g., hypertrophy, maximum strength, explosive power,
metabolic conditioning, agility, acceleration, and speed) that may vary between
individuals and require conflicting physiological responses (Gamble, 2006).

o Time constraints imposed by technical and tactical training (Gamble, 2006).

e Uncontrolled and unplanned external load from training and games.

e Varying individual responses to different training sessions or models (Walker &

Hawkins, 2017).

More recently, the concept of strategic periodisation has become popular in some sports such
as Australian rules football (AFL) and rugby codes. This is a strategy whereby teams
manipulate their training in order to intentionally peak for matches or periods of perceived high
importance or difficulty (Robertson & Joyce, 2018). However, in soccer, an analysis of the
EPL over a decade (2006 — 2016) revealed that the winners lost on average only 4.6 times per
season (Walker & Hawkins, 2017). This concept is also true for teams competing at the bottom
of the league table, as in theory, every match and point gained is of very high importance to
avoid the possibility of relegation. Thus, intentionally competing in some matches in sub-
optimal conditions may be a risky strategy to employ for soccer coaches (Walker & Hawkins,

2017).
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Nevertheless, concepts from traditional models can and should be applied where possible in
soccer. Common terminology referring to different phases of training, such as macrocycles
(normally referring to annual or seasonal training cycle), mesocycles (normally referring to a
training block of ~4 — 6 weeks) and microcycles (normally referring to a training period of ~1-
week) have been used interchangeably with terms such as ‘off-season’, ‘pre-season' and ‘in-
season’ in team-sport literature (Issurin, 2010). Basic principles such as progressive overload,
concentrated loading blocks (particularly in the pre-season), and tapering periods can be
applied in an attempt to provide sufficient stimulus for adaptation and adequate recovery for
competition. Within soccer, the long-playing season along with its high number of fixtures
frequently leads to detrimental consequences, such as pronounced catabolic responses (Carli et
al., 1982; Kraemer et al., 2004b) and a high incidence of injuries (Gamble, 2006). Therefore,
rationally periodised training plans are imperative to mitigate these responses. More
specifically, reasonably structured training that avoids conflicting physiological responses,
whilst facilitating the maintenance or development of the physical characteristics required for

the sport (Issurin, 2010).

With regards to the in-season period in soccer, it is generally suggested that non-linear
undulating periodisation models are best suited (Gamble, 2006, Turner & Stewart, 2014). This
approach varies training prescription (e.g., physiological target, volumes, and intensities) on a
session-by-session basis to account for multiple training goals (Gamble, 2006; Turner &
Stewart, 2014). One of the benefits of this system is that it can be easily adapted to respond to
variable fixture schedules and external factors, such as success in knock-out competitions,
travel demands and variability in physical stimuli (Turner & Stewart, 2014). During a typical
microcycle where there is one match per week, most professional teams will perform ~4 — 5
field-based training sessions and ~1—2 resistance training sessions (Bangsbo, Mohr, &
Krustrup, 2006; Owen et al., 2017a; Martin-Garcia et al., 2018b; Cross et al., 2019).
Furthermore, there is the possibility that some teams or players will perform additional training
(e.g., mobility, recovery, proprioception, individual work) interspersed around these main team

sessions.

Various soccer microcycle structures have been proposed in previous literature (Akenhead et
al., 2016; Owen et al., 2017a; Walker & Hawkins, 2017; Martin-Garcia et al., 2018b), yet there
is limited evidence to support their effectiveness. Nevertheless, a weekly structure of a recovery

period from the previous match (~1 — 2 days), followed by a concentrated loading phase ~1 —
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2 days), and finally, a taper (~1 — 2 days) leading into match-day (MD) is typically applied.
This can be seen in several studies (Impellizzeri et al., 2004; Owen & Wong, 2009; Malone et
al., 2015a; Owen et al., 2017a; Oliveira et al., 2019b), whereby the volume of work during the
MD-1 is reduced in comparison to the days where there is a conditioning emphasis (e.g., MD-
4 and MD-3). Over a longer period (i.e., macrocycles and mesocycles), previous work in soccer
has shown that there is limited variation across a season (Malone et al., 2015a; Los Arcos et
al., 2017; Oliveira et al., 2019a), though some studies do report that total training volume is
higher in the first phase of the season compared to the last (Los Arcos et al., 2017; Mara et al.,
2015).

The existing literature in this area is descriptive of the specific team studied, so may be limited
in its application to a broader number of teams when considering the different schedules and
philosophies across clubs. Furthermore, the influence of individual responses should not be
overlooked. For example, some athletes may respond favourably to a certain training stimulus
(i.e., perform, recover, and adapt rapidly) in comparison to others. Several factors are likely to
influence this response, such as player age and training history, physical characteristics (e.g.,
strength and aerobic capacity), previous injuries, lifestyle (e.g., sleep, nutrition, hydration) and
muscle fibre characteristics (i.e., type I vs type II) (Morgans et al., 2014). Furthermore, training
and match loads are very likely to fluctuate significantly between athletes, depending on
motivation, work rate, match playing time and playing position differences. Therefore, the
ability to monitor both the dose (i.e., physical and physiological load) and the response (i.e.,
fatigue, recovery and adaptation) is imperative in team sports such as soccer. This can be a
challenge when considering the number of athletes in a squad (~25 — 30) and the previously
mentioned time constraints. Therefore, the identification of valid, reliable, and practical
monitoring methods is imperative, which will be reviewed in sections 2.4 and 2.7. What is
clear, is that teams are likely to be targeting numerous and possibly competing physiological
adaptations (e.g., aerobic capacity and strength) within a microcycle (Turner & Stewart, 2014;
Walker & Hawkins, 2017). Consequently, there is a need to evaluate how these differing
training sessions interact with each other, and how this may influence their sequencing or
placement within the microcycle. Furthermore, the use of training modalities that can
simultaneously target multiple physiological adaptions in combination with the technical and
tactical requirements of the game may be beneficial. A popular training method that is thought

to accomplish this is SSGs, which will be reviewed over the following sections.

33



2.3.2 Small-sided games

A small-sided game (SSG) is an umbrella term that describes any smaller format of match-
play, characterised by either a reduction in player numbers and/ or a reduction in pitch
dimensions (Hill-Haas et a., 2011). In high-performance sport, it is generally accepted that
maximum benefits are achieved when the training stimuli are similar to, or above the
competition demands (Bompa, 1983). As discussed in section 2.2 of this review, a
characteristic of high match performance is that players possess the ability to perform high-
intensity actions whilst limiting fatigue, therefore well-developed aerobic and anaerobic
qualities are required (Koklii et al., 2015). Typically, SSGs are performed in several repetitions
interspersed by a set recovery period, and therefore, could be considered as a mode of HIIT. It
is well established that HIIT, when programmed with appropriate volumes and intensities,
allows for the simultaneous development of aerobic and anaerobic energy systems (Dellal et
al., 2010a; Billat, Hamard, & Koralsztein, 2002). Therefore, a popular topic in SSG research is
to compare the responses between SSGs and traditional running-based modes of interval
training, which is discussed in section 2.3.2.1. As previously mentioned, the ability of one
training method to fulfil a broad range of requirements is appealing. Indeed, SSGs are a training
method which are primarily used to replicate the specific physical and physiological demands
of soccer, whilst simultaneously working with the ball and maintaining interactions between
team-mates and the opposition (Reilly & White, 2004; Hill-Haas et al., 2011; Aguiar et al.,
2012).

There is an abundance of research on the use of SSGs in soccer, with much focus on the
responses during (i.e., within SSG) and longer-term (i.e., chronic) adaptions. Furthermore, the
structural format of an SSG is a very important consideration, and in practice, is frequently
modified to suit the coaching aims or the number of players involved in a training session
(Casamichana, Bradley, & Castellano, 2018). Numerous factors can be manipulated during
SSGs, which are summarised in Figure 4. Manipulation of these variables has drawn focus in
previous research, as this has been shown to influence the demands, and therefore the
physiological responses and adaptations (Casamichana & Castellano, 2010; Aguiar et al.,
2012). Nevertheless, comparing different formats of SSGs can be an arduous task since many
variables can be manipulated (Figure 4), and there is inconsistency amongst the methods (e.g.,
work-rest durations, participant characteristics, task constraints, structural format) in previous

literature (Dellal et al., 2011a; Clemente et al., 2014a; Casamichana et al., 2015). For this
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reason, caution should be applied when comparing between studies and drawing definitive
conclusions from the literature. Nevertheless, there are some areas where consistent findings
have been reported, and useful practical inferences can be made. The key literature related to

SSG training, and the most prevalent topics will be discussed over the following sections.
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Figure 4. Summary of the factors to consider when prescribing small-sided games.
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2.3.2.1 Comparisons to running-based interval training

When assessing the effectiveness of SSGs as a training tool, many previous studies have
compared the acute and chronic responses of SSGs in comparison to running-based modes of
interval training. Regarding the definition of these running-based training sessions, there is a
broad range of formats chosen with variations in speed, distances, and work-rest periods. These
training modalities have been given several terminologies across the literature (e.g., HIIT,
generic training, aerobic training, repeated sprint training, interval training). For the sake of
this review, these have been grouped into the term ‘interval training’, which will cover the
expansive range of methods chosen. Typically, the responses are determined either during or
immediately post-training, with physiological markers (e.g., BLa, HR), external demands (e.g.,
GPS), and perceptual scales (e.g., RPE). Additionally, numerous studies have measured
changes in physical performance markers after a set training period (i.e., chronic adaptations).
Many of these interventions are performed in addition to players normal technical and tactical
training, which is likely due to the logistical issues associated with altering the training
schedule of a competitive team. Furthermore, many different SSG protocols and variables have

been assessed. Both factors should be considered when making inferences from the literature.

With regards to the acute perceptual and physiological responses, Sassi, Reilly and Impellizzeri
(2004) investigated the responses to four formats of SSG (i.e., 4 vs 4 with and without GKs; 8
vs 8 'free touch' and ‘pressing’ based) in comparison to interval running. The SSGs were
performed in 4 bouts of 4-min with 150 s of recovery, and similarly, the interval running
protocol consisted of 4 bouts of 1 km repeats with the same recovery period. The authors
reported that the 4 vs 4 SSG formats elicited a greater HR response (SSGs, 91 %HRmax;
intervals, 85 % HRmax) and similar BLa values (SSGs, 6.4 mmol-L!; intervals, 7.9 mmol-L)
compared to the interval running group (Table 2). However, this study was performed before
the widespread use of GPS in team sport, hence no information was collected concerning the
external demands of the SSGs. Similarly, Dellal et al. (2008) assessed the average percentage
of heart rate reserve (%HRR) in various SSG formats compared to high-intensity interval
running drills. The duration of work and rest periods varied for each training protocol (Table
2), and the speeds prescribed for the intermittent runs were based on the maximal aerobic speed
(MAS) of each player. The authors reported that the SSGs (i.e., 1 vs 1; 2 vs 2; 4 vs 4 +GKs; 8
vs 8; 8 vs 8 +GKs; 10 vs 10 +GKs) induced similar %HRR to some of the interval formats (i.e.,
15 s at 110% MAS with 15 s rest; 30 s at 100% MAS with 30 s rest; 5s at 120% MAS with 2
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5s rest). However, it should be noted that out of all SSG formats performed, the 2 vs 2 and the
8 vs 8 +GKs formats elicited the highest %HRR, however, this response was still lower than

some of the interval protocols assessed (i.e., 10 s at 110% MAS with 10 s rest; 30 s at 100%

MAS with 30 s active recovery at 9 km-h'!) (Table 2). Another key finding from this study was
that the %HRR in the interval protocols were more homogeneous than the SSGs, with lower
CV values reported (intervals, 4.5 — 8.5%; SSGs, 8.8 — 13.4%). This is unsurprising as one of
the benefits of interval training over SSGs is that it is easier to control the exercise intensity
and work rate of the players. A limitation of this study was that due to the subjects being elite
players in full-time training, there was no randomisation of the order of SSGs and the
intermittent runs performed. Therefore, possible day-to-day HR variability of the players may
have influenced the results. Furthermore, external loads or perceptual responses (e.g., GPS or
RPE) were not recorded, which may aid our understanding of the movement patterns driving
the physiological responses. A pair of more recent studies examined both the physiological and
psychological responses in professional adult (Selmi et al., 2018) and youth players (Selmi et
al., 2020). Both studies used broadly similar methods, with 4 vs 4 SSGs (25 x 35 m pitch size)
compared with interval training (15 s at 110% MAS with 15 s rest), and protocols were
performed in 4 bouts of 4-min with 3-min of passive recovery. Both studies reported similar
physiological responses (HR, RPE & BLa) between SSGs and intervals. Yet, a negative mood
disturbance was observed after the interval running in both the professional (assessed by the
profile of mood state [POMS]) and the youth players (assessed by a Physical Activity
Enjoyment Scale). Collectively, these studies demonstrate that some formats of SSG training
can elicit similar internal physiological responses to both long duration (e.g., Sassi et al., 2004)
and short duration (e.g., Dellal et al., 2008) interval training. Furthermore, during SSGs, these
physiological responses are provoked whilst maintaining the enjoyment and mood stability of
the players (Selmi et al., 2018; Selmi et al., 2020), which may be beneficial over a season.
However, it is very likely that this is dependent on the format of SSG chosen, so the factors
highlighted in Figure 4 should be understood and manipulated to target the required responses.
Additionally, no data on the external loads of the SSGs were provided in the above studies

mentioned, which could impact the fatigue and recovery responses of the players.
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Table 2. Summary of key studies that have assessed the acute and chronic responses of various SSG protocols in comparison to interval training.

Study Participants/ SSG format Interval format Acute response Chronic adaptations Conclusions
design
Reilly & 18 elite male youth - 6 x 4-min with 3-min - 6 X 4-min running at 85-90% - BLa similar between groups for - CMIJ, SJ, estimated VOamax, - SSGs are as effective as interval
White players from an EPL club  active recovery (jogging at  HRmax  with  3-min  active  all sessions (11.7 — 13.5 mmol-L"  10-30m  sprints, agility, training for in-season maintenance of
(2004) (age 18.2+1.4) randomly  50-60% HRunax). recovery (jogging at 50-60% ). anaerobic capacity (repeat 30  anaerobic and aerobic fitness.
assigned to either SSG or - 2 x per week for 6 weeks.  HRumax). s shuttle test) all similar
interval group in addition - Performed 2 x per week for 6 between groups at the end of
normal training. weeks. the 6-week training block.
Sassi, 11 elite Spanish male - Each format (A — D) -4x1kmrepeats with 150 sof - Average HR (bpm) & BLa -NR. - With the exception of SSG (C), all
Reilly, & first division players performed once. recovery (mmol-L™) reported. formats induced similar or higher HR
Impellizzeri  performed each training - 4 x 4-min with 150 s - SSGs: responses to extensive interval
(2004) session once. recovery. (A) 178+4bpm; 6.4+2.7mmol 'L’ running.
- (A) 4vsd (B) 174+7 bpm, 6.2+1 4mmol-L" - Both formats of 4vs4 (A&B)
- (B) 4vs4+GK (C) 160+3bpm, 3.3+1.2mmol-L"! produced similar BLa values to
- (C) 8vs8 free touch (D) 175+4 bpm, BLa NR. interval running.
- (D) 8vs8 ‘pressing’ - Intervals:
- 16744 bpm, 7.943.4 mmol-L".
40 elite male youth - 3vs3+GK, 4vs4+GK, -4 x 4-min running at 90-95% - SSG average; %HRmax 90.7 £ - Similar increases in VOomax - SSG as effective as intervals in
players (age 17+1) split  Svs5+GK. HRumax, 3-min recovery. 1.2%. (+ 7-8%), LT (+ 9-10%), RE  developing develop aerobic fitness
. . into 2 groups of 20 (SSG - 4x4-min, 3-min rest. - 2 x per week for 12 weeks. -Interval average; %HRmax 91.2 = at LT (+ 3%) after both SSG  and soccer performance.
Impellizzeri h . .
or interval  group). -2 xperweek for 12 weeks. 2.2%. & interval training. - SSG may be advantageous due to
etal. (2006) Performed SSG  or - Similar sSRPE for both groups. - Similar increases in ability to concurrently train technical

intervals 2 x per week on
top of normal training.

performance  in  soccer
specific endurance test (+14-
16%).

- Increased match physical
outputs (TD + 4-6%; HSR
[>14 km-h''] + 23-25%).

& tactical aspects.

Dellal et al.
(2008)

- 10 elite French male
first division players (age
26+3) performed both
SSG & interval training 1
x per week as part of
normal training.

- %HRR observed for
each drill.

- Each protocol (A — F)
performed once over 8-
week period: (A) 1lvsl
(4x90s / 90s rest); (B) 2vs2
(6x150s / 150s rest); (C)
4vs4+GK (2 x 4-min/ 3-min
rest); (D) 8vs8+GK (2 x 10-
min/ 5-min rest); (E) 8vs8
(4 x 4-min/ 3-min rest); (F)
10vs10+GK (3 x 20-min/ 5-
min rest).

- Each protocol (G - K)
performed once over 8-week
period: (G) 30s at
100%MAS/30s rest (2 x 10-
min/ S5-min rest); (H) 30s at
100%MAS /30s AR at 9km-h’!
(2 x 10-min/ 5-min rest); (I) 15s
at 100%MAS/15s rest (2 x 10-
min/ 8-min rest); (J) 10s at
110%MAS /10s rest (2 x 7-min/
6-min rest); (K) 5s at
120%MAS /20s rest (1 x 7-min).

- Average %HRR reported for
each condition:

- SSGs:  (A)77.6+8.6;(B)
80.18.7; (C) 77.1£10.7; (D)
80.3+12.5; (E) 71.746.3, (F)
75.747.9.

- Intervals: (G) 77.2+4.6; (H)
85.7+4.5; (I) 76.8+4; (J) 85.8+3.9,
(K) 80.2+6.8.

- NR.

- Possible to use some SSG formats
to induce similar %HRR to
intermittent exercise.

- However, intervals H & J had
higher %HRR than all SSGs.

- Higher variability in individual
responses during SSGs compared to
intervals as it is harder to control
activity of players.

- Choice of player number, presence
of GKs, playing area and instructions
affect HR responses during SSGs.
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Hill-Hasset 19 elite male youth -2vs2—7vs7 under various - Various aerobic power, - Average sRPE (CR10 scale) - Both training groups - Both SSG and running based
al. (2009a) players (age 14+lyr) conditions (coach  intermittent HSR, sprint training  higher for interval training group  improved YYIRTLI training equally effective at
randomly assigned to prescribed). COD training and repeated- (8.2+1.0 vs 7.5+1.2 AU). performance (+ 17-22%), improving YYIRTLI despite higher
SSG (#n=10) or interval - Total duration 30 — 45-  sprint training. - No differences in time spent in ~ with no differences between perceived effort during running
group (n=10) over 7- min. - Total duration 30 — 45-min. various HR zones) or weekly groups. based training.
week period alongside - Performed 2 x per week - Performed 2 x per week for 7-  perceptual well-being. - No changes or differences
normal training. for 7-weeks. weeks. between groups for all other
performance measures (i.e.,
VO2ma, RSA, or sprint
performance).
Los Arcos - 17 elite male youth - 2vs2, 3vs3 & 4vs4 under -3 x 4-min at 90-95 %HRmax, 3- - Non-significant or possibly small - No significant differences in - SSGs as effective as maintaining

et al. (2015)

players (age 15.5+0.6yr)
performed either SSG
(n=9) or interval (n= 8)
training for 6 weeks.

various conditions.

- All SSGs performed in 3 x
4-min bouts with 3-min
rest.

- Performed x 2 per week
on top of normal training.

min active recovery (jogging at
50-60 %HRmax).

- Performed x 2 per week on top
of normal training.

higher sRPE in interval group.

- SSG spent more time at >90
%HR max, but less time in lower HR
intensities (<90%).

MAS between groups after 6-
weeks.

- CMJ performance similar
between groups.

- PACES score significantly
better after SSG vs interval
group.

aerobic fitness as interval training
whilst promoting high physical
enjoyment.

Eniseler et 19 elite youth male -3vs3+GK (18 x30m - 6 x 40m maximal sprints with - Mean %HRumax during SSG was - SSG group improved short - SSG training is effective in
al., (2017) players (age 17+lyr) pitch) 20s rest. 89.52+5.47%. passing ability (LSPT), RSA  improving RSA and technical skills
performed either SSG -4 x 3-min with 4-min - 3 sets with 4-min inter-set - No markers reported for interval ~ decrement % (6 x 20m simultaneously.
(n=10) or RSA training recovery. rest. group. shuttles with 20s rest), butnot - SSG is a time efficient method of
(n=9) twice per week on - Performed 2 x per week - Set 1, straight line; set 2, 45- YYIRTLI. training.
top of their normal for 6 weeks. degree turn; set 3, 90-degree - RSA group did not improve
programs for 6-weeks. turn. LSPT, but improved RSA
- 720m total sprint volume. decrement % and YYIRTLI.
Selmi et al. 16 professional males - 4vs4 possession based. - 15s at 110% MAS/ 15s rest - No difference in %HRmax, BLa, -NR. - SSG & intervals produce similar
(2018) (age 24+0.9yr) -4 x 4-min/ 3-min rest - Performed in 4 blocks of 4- or RPE between conditions: physiological responses.

performed either SSG or
interval  training  on
separate days.

min with 3-min rest between.

- SSGs: 86.843.7%HRumax, 4.6+
0.7 mmol-L", 7+0.9 AU.

- Intervals: 87+4%HRmax, 4.7+ 0.6
mmol-L", 7.1+1 AU.

- POMS higher post intervals vs
SSG.

- Intervals  produced mood
disturbance whereas SSG did not.

Abbreviations: %HRR, percentage of heart rate reserve; YYIRTL1, Yoyo intermittent recovery test level 1; %HRmax, percentage of maximum
heart rate, sSRPE; session rating of perceived exertion (duration x RPE); CR10, Borg scale of perceived exertion; RSA, repeated sprint ability;
COD, change of direction; LSPT, Loughborough soccer passing test; BLa, blood lactate concentration; AR, active recovery; MAS, maximum
aerobic speed; POMS, Profile of Mood States; GK, goalkeepers; LT, lactate threshold; RE, running economy; CMJ, countermovement jump; SJ,
squat jump; yr, years; NR, not reported.
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Numerous studies have also investigated the chronic adaptations to SSG training in comparison
to various formats of interval running (Table 2; Reilly & White, 2004; Impellizzeri et al, 2006;
Hill-Haas et al., 2009a; Ali, 2011; Radziminski et al., 2013; Los Arcos et al., 2015; Eniseler et
al., 2017). An early study by Reilly and White (2004) recruited 18 professional youth players
from an EPL club and assigned them to either SSG (5 vs 5) or an interval training group (~85
—90% HRmax) over 6 weeks. Players completed the training interventions twice per week on
top of their normal programs, and both protocols consisted of 6 repetitions of 4-min
interspersed by 3-min of active recovery (i.e., jogging at ~50—60% HRmax). At the end of the
6-week training block, there were no significant differences between groups in all performance
indicators measured (i.e., countermovement jump [CMJ]; squat jump [SJ]; 10 — 30 m sprint
times; agility T-test; 5 x 30s anaerobic shuttle runs; multi-stage shuttle-run to estimate VO2max).
Furthermore, there were no significant differences in peak BLa (SSG, 12.7 — 13.5 mmol-L!;
intervals, 11.7 — 13.0 mmol-L") between groups over the study period. Based on these findings,
the authors concluded that both SSG and intervals are effective for maintaining in-season
aerobic and anaerobic fitness. Unfortunately, no markers of training load were reported in this
study, and limited information on the scheduling and format of the 5 vs 5 SSG were presented
(e.g., time in microcycle, pitch size, use of GKs, rules or coach encouragement). The early
findings of Reilly and White (2004) are supported by a more recent meta-analysis of seven
studies by Moran et al. (2019), who summarised the effects of SSGs vs ‘conventional
endurance training’ on aerobic performance in male youth soccer players (age <18 yr). The
inclusion criteria for ‘conventional endurance training’ in this meta-analysis was training
consisting of continuous running or extensive interval training involving work durations
greater than 3-min. The authors concluded that SSGs can be used instead of, or in addition to
interval training for the development of aerobic capacity. To induce these benefits, the authors
recommended that a minimum of 4 sets of 4-min SSG repetitions should be programmed twice

per week.

From assessing the literature, it is clear that some formats of SSGs can elicit similar acute
physiological responses to various modes of interval training. Consequently, over a longer
period, this results in comparable outcomes in maintaining or improving markers of fitness in
both elite and sub-elite players of various ages (Moran et al., 2019; Kunz et al., 2019).
Furthermore, the enjoyment, as well as the technical and tactical demands the players
experience during SSGs is clearly superior in comparison to intervals, which may be beneficial

in maintaining the motivation and performance of players over a season (Selmi et al., 2018;

41



Selmi et al., 2020). However, limited information exists on the fatigue responses and recovery
time course following SSG training. It is possible to theorise that the diverse movement
demands during SSGs (e.g., accelerations, decelerations, changing direction, kicking, tackling,
and body contact) in comparison to conventional interval training (e.g., typically straight line
running), may result in significant neuromuscular and mechanical fatigue (Harper & Kiely,
2018). In particular, high-intensity accelerations and decelerations may impose distinct
physiological and mechanical stresses on players (Harper, Carling, & Kiely, 2019). Firstly, the
metabolic cost during acceleration is known to be greater in comparison to running at a
continuous speed (di Prampero et al., 2005; Osgnach et al., 2010). In addition, decelerations
involve a high force braking ground reaction component and eccentric muscle contractions
(McBurnie et al., 2022), which are well known to predispose the lower limb musculature to
structural damage, such as myofibrillar, cytoskeletal, and Z-line disruption (Clarkson & Sayers,
1999; Fridén & Lieber, 2001). This mechanical disruption is thought to primarily manifest as
low-frequency fatigue (LFF), impairments in the E-C coupling process, and may reduce CNS
function through afferent feedback (reviewed in section 2.5.2.1). Therefore, it is unsurprising
that the number of high-intensity accelerations and decelerations performed during matches
has been associated with post-match reductions in force production capabilities and indicators
of muscle damage (de Hoyo et al., 2016; Hader et al., 2019). However, high-intensity running
also involves high force repetitive eccentric muscle contractions and has been linked to muscle
damage and declines in performance after matches (Thorpe & Sunderland, 2012; de Hoyo et
al., 2016; Hader et al., 2019). Therefore, the velocity at which intervals are performed, and the
pitch dimensions selected for the SSGs (discussed in section 2.3.2.3), are very likely to
influence the degree of fatigue experienced as a result of both training methods. Furthermore,
it is possible that the additional demands during SSG play, such as physical contact, jumping,
kicking, and tackling may also contribute to muscle damage (Bloomfield et al., 2007; Ispirlidis
et al., 2008; Nedelec et al., 2012). However, it should be noted that it is well known that
unaccustomed exercise exacerbates the degree of muscle damage and soreness experienced,
therefore, the training history and physical characteristics of the players are likely to have a

strong impact on the degree of fatigue experienced (Owen et al., 2015; Johnston et al., 2015b).

2.3.2.2 Comparisons to match-play

Another key topic in SSG research is comparing the physical demands to full format match-

play (i.e.,, 11 vs 11). The rationale for investigating this is clear, considering that 11 vs 11
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matches are fundamentally the overarching activity coaches are trying to replicate and improve.
Indeed, numerous studies have compared the demands of SSGs to 11 vs 11 matches (Table 3;
Allen et al., 1998; Gabbett & Mulvey, 2008; Casamichana, Castellano, & Castagna, 2012;
Dellal et al., 2012a; Castellano & Casamichana, 2013a; Hodgson, Akenhead, & Thomas, 2014;
Lacome et al., 2018; Abbott, Brickley, & Smeeton, 2018; Martin-Garcia et al., 2019).
Consistent with the previous section, many studies have compared the immediate physiological
and perceptual demands, but here, there is often additional information profiling the movement
demands of each activity. The movement demands are typically measured using GPS and
accelerometer data (see section 2.4 for review), which is valuable data that can be used when

attempting to replicate or overload components of the competition demands during training.

Within this area, there is a general agreement that although most formats of SSG do not
replicate the HSR demands of matches, the internal (e.g., HR, BLa) and perceptual (e.g., RPE)
response is often similar or greater (Table 3). Dellal and colleagues (2012a) compared the
responses of SSGs (4 vs 4, 30 x 20 m, 4 x 4-min with 3-min rest, possession-based) against 11
vs 11 friendly matches in 40 adult male international players. The authors reported that overall,
the RPE was similar between SSGs and match-play (Borg CR10; 7.3 — 8.0 vs 7.4 — 8.0 AU),
whilst the HR responses were greater during the SSGs (%0HRmax; 84.7 — 87.6% vs 81.7 —
86.3%). Somewhat surprisingly in this study, the BLa values were lower immediately post the
SSGs (2.8 — 3.0 vs 4.2 — 5.4 mmol-L"), and relative to total playing time, the HSR (>19.8
km-h') was higher (483 — 639 vs 315 — 371 m) in comparison to matches. Whilst on the surface
this seems contradictory, this is likely explained by the inclusion of rest periods (i.e., 3-min)
between repetitions in the SSGs, allowing players to recover between bouts, thus resulting in
lower BLa values and greater HSR outputs. Additionally, it should be acknowledged that
inconsistent methods were used in assessing the movement demands (i.e., 5 Hz GPS for SSG
vs multiple-camera system for match-play), and these techniques should not be used
interchangeably (see section 2.4.2 for more detail). Indeed, the findings of Dellal et al. (2012a)
conflict with the bulk of the literature, which suggests smaller format SSGs do not stimulate
the HSR demands of matches (Gabbett & Mulvey, 2008; Hodgson, Akenhead, & Thomas,
2014; Casamichana, Castellano, & Castagna, 2012; Lacome et al., 2018; Abbott et al., 2018;
Martin-Garcia et al., 2019). However, as GPS technology has improved in more recent years
(i.e., sampling rates >5 Hz), practitioners and researchers have the ability to quantify
acceleration and deceleration activity more precisely. Consequently, it has been revealed that

SSGs often result in greater acceleration and deceleration demands than match-play (Table 3).
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For example, Lacome et al. (2018) compared the locomotor demands (distance, HSR,
acceleration and deceleration) of four different formats of SSG (4 vs 4 +GKs, 6 vs 6 +GKs, 8
vs 8 +GKs and 10 vs 10 +GKs) against competitive matches in a squad of elite players.
Unsurprisingly, only the 10 vs 10 +GKs format (102 x 67 m) permitted players to reach similar
intensities for total distance and HSR covered per minute. In contrast, the 4 vs 4 +GKs (25 x
30 m) format overloaded the acceleration and acceleration demands in comparison to matches
(Table 3). As discussed above, these are likely to be key movement patterns that are driving

the comparable HR, BLa and RPE responses reported between SSGs and 11 vs 11 match-play.

Another key variable to consider is the accelerometry measured demands. Beenham et al.
(2017) found that the summation of acceleration and deceleration in each anatomical plane (X,
medial-lateral; Y, anterior-posterior; Z, caudal-cranial) (see section 2.4.5 for more detail) was
significantly higher in various SSG formats (2 vs 2, 3 vs 3 and 4 vs 4) in comparison to 11 vs
11 matches (Table 3). The authors concluded that previous literature using fixed speed
thresholds had underestimated the physical demands of SSGs. In addition, they suggested that
SSGs produce a ‘density’ type of training stimulus by imposing a greater mechanical demand
than match-play (Beenham et al., 2017). Again, the evidence that SSGs produce more
acceleration, deceleration, and COD activity than matches is important, considering the
influence these activities may have on muscle damage, and the consequential fatigue in the
hours and days that follow (Nedelec et al., 2012). However, there is very limited research in

this area, and the literature may benefit from investigations into the fatigue responses induced

by SSGs.
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Table 3. Summary of key studies that have compared the demands of SSGs to 11 vs 11 match-play.

Study Participants/ design SSG format Key results Conclusions

- 8 university-level male players (a - 5vsS (including GKs) - Distance covered accelerating and decelerating per meter of total distance - The distances covered
university-ievel ma'e piayers (age Vs> (including hs higher than match play for all SSG pitch sizes: small (+10%), medium (17%),  accelerating and decelerating is

20+1 yr) performed 3 different SSG - Physical and technical demands on . ; .

Hodgson, . ] large (+14%). relatively higher during SSGs
formats on 3 separate occasions. small (30x20m), medium (40x30m) .

Akenhead, & - 10 Hz GPS data compared against and large (50x40m) pitch sizes - Compared to small pitches, movement demands (TD, HSR, ACC & DEC) compared to matches.

Thomas (2014) comp & & p higher on medium and large SSG sizes with the same player number. - Changing pitch size influences

18 professional matches using the
same GPS system and metrics.

assessed.
- 4 x 4-min with 3-min recovery.

- %HRmax similar between pitch size (small, 86%; medium & large, 87%).
- Higher technical demand (shots, passes, tackles) on smaller pitches.

the physical and technical
demands of SSGs.

Beenham et al.
(2017)

- 40 well-trained male youth players
(17+0.6 yr) were monitored with 5 Hz
GPS devices during 2vs2 (n=10),
3vs3 (n=7) and 4vs4 (n=5) SSGs.

- 6 friendly matches also analysed.

- All games were possession based, no
GKs involved and limited to 2
touches:

- 2vs2, 20x15m, 4x2-min/ 3-min rest.
- 3vs3 25x18m, 4x3-min/ 3-min rest.

- 4vs4 30x20m, 4x4-min/ 3-min rest.

- PL per min was significantly higher than match-play during all SSGs.
-2vs2, 15.00 + 3.53; 3vs3, 14.68 + 3.27; 4vs4, 13.47 £ 3.35; match-play,
10.18 £2.12 AU.

- SSGs elicited greater external
loads than matches.

- Previous studies not utilizing
accelerometer data may have
underestimated the demands of
SSGs.

Lacome et al.

- 21 elite male players (age 25+5 yr)
monitored with 15 Hz GPS over 2
seasons.

- Rolling average (1-15-min periods)

- The most standardised formats over
2 seasons selected: (1) 4vs4+GKs,
25x30m, 6x3-min/ 90s rest; (2)
6vs6+GKs, 30x40m, 4x4-min/ 2-min

- Compared with matches, only 10vs10 SSGs allowed players to reach
similar running intensities for TD and HSR.

- Only 4vs4 (over 1-4 min) allowed the attainment of a moderately-to-largely
greater MechW (ACC, DEC & COD) than matches.

- Peak locomotor intensity can
be modulated during SSGs of
various formats and durations to
either over- or underload match
demands, with 4v4 placing the

(2018) data from various SSG formats was rest; (3) 8vs8+GKs, 40x40m, 2x10- - The magnitude of the differences in locomotor intensity between SSGs and .

; : — : : . . .. . . . greatest and the least emphasis
compared against friendly (#=7) and min/ 3-min rest; (4) 10vs10+GKs, matches was highly position- and SSG- dependent, irrespective of the rolling on MechW and HSR
competitive (n 5) games. 102)(671’117 1x30-min/ no rest. average durations. respectively‘

- - + . - i i i - 1

46 EPL U 23 male players (1941 yr) SSGs grouped into small (1vs1- D1§tance and speed demands increase with player number and absolute SSGs replicate the average but

were monitored over 22 matches and . playing area. not the peak demands of

Abbott, - . 3vs3), medium (4v4-6vs6) and large . Lo . s )
. 39 SSG training sessions. - Only the large formats were able to replicate the high-intensity demands. competition for specific

Brickley, & (7vs7-10vs10) al +GKs. . . .. .

- RPE recorded and GPS (10 Hz) . 2 - No SSG replicated the peak 1-min demand of competition. variables.
Smeeton (2018) - Area size was 120m” per player.

demands assessed for average and
peak 1-min periods.

- 4x4-min/ 3-min rest for all games.

- Small formats had the highest moderate-intensity ACC and DEC demands.
- RPE highest in the smaller format SSGs and decreased with player number.

- Demands vary for SSG
format.

Martin-Garcia
et al. (2019)

- 21 elite male players (age 20+1 yr)
monitored with 10 Hz GPS over a
competitive season.

- Various GPS metrics compared
against the most demanding passages
of play in competitive matches.

- 5vs5+GKs (33x40m, 5-min period).
- 6vs6+GKs (33x40m, 5-min period).
- 9vs9+GKs (72x65m, 10-min
period).

- 10vs10+GKs (105x65m, 10-min
period).

- Distance and speed demands increase as the SSG format (player number and
pitch size) increases, yet ACC and DEC demands decrease.

- Smaller games (i.e., 5vs5+GKs, 6vs6+GKs) overload ACC and DEC
demands in comparison to the most demanding passages of play in
competitive games.

- Players should be exposed to

varied stimulus throughout the

training week.

- Match HSR and sprinting are
only replicated in 10vs10+GKs
format.

Abbreviations: %HRmax, percentage of maximum heart rate; ACC, accelerations; DEC, decelerations; COD, change of direction; MechW,
mechanical work (overall measure of velocity changes and is calculated using ACC, DEC and COD events >2 m-s?); PL, Playerload™ (see
section 2.4.5 for review); MDP, most demanding passages of play; GKs, goalkeepers; GPS, global positioning systems, yr, years; HSR, high-
speed running.
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2.3.2.3 Influence of number of players and pitch area

From the previous sections in this review, it is evident that SSGs are an effective strategy of
multicomponent training, and often evoke similar or greater physical, physiological, and
perceptual responses to interval training and match-play. However, as presented in Figure 4,
numerous variables can be manipulated which should be considered when programming SSG
training. The structural format of an SSG is an important consideration that can alter the
physical and physiological demands, and therefore may influence adaptations (Casamichana &
Castellano, 2010). Previous work has focused on altering variables such as the number of
players, the pitch size, the presence of GKs, the training prescription (i.e., work and rest
durations), as well as various other factors (Bangsbo, 1994b; Hill-Haas et al., 2011;
Casamichana & Castellano, 2010). The influence of these factors and the current trends within

the literature will be discussed in the following section of this review.

Investigating the effects of the player number on exercise intensity is one of the most prevalent
topics in SSG research (Sarmento et al., 2018). In both research and practice, the number of
players and the pitch size is often adjusted concomitantly, which may explain some
discrepancies within the literature (Hill-Haas et al., 2011). However, one aspect that seems
clear is that when changing only the number of players whilst keeping other factors similar
(e.g., relative area per player, conditions, rules of the game), the formats with fewer players
elicit greater exercise intensities (Hill-Haas et al., 2011; Aguiar et al., 2013; Sarmento et al.,
2018; Bujalance-Moreno, Latorre-Romén, & Garcia-Pinillos, 2019). Typical responses seen in
games with low player numbers (i.e., 1 vs 1 — 5 vs 5) are %HRmax values of ~85 — 90%
(Impellizzeri et al., 2006; Little & Williams, 2007; Rampinini et al., 2007c; Katis & Kellis,
2009; Owen et al., 2011; Dellal et al., 2012a; Koklii, 2012), BLa concentrations of ~4 — 8
mmol-L! (Aroso, Rebelo, & Gomes-Pereira, 2004; Dellal et al., 201 1a; Hill-Haas et al., 2009b;
Rampinini et al., 2007c) and RPE (Borg CR-10 scale) values of ~7.6 — 8.5 AU (Rampinini et
al., 2007¢). Based on these findings, it is suggested that when the aim is to target training at or
above the anaerobic threshold (~BLa >4 mmol-L"), then these formats of SSG can be a useful
tool (Clemente et al., 2014a). A factor that is likely to be contributing to these responses is a
higher number of player interactions and frequency of ball contacts when fewer players are
involved (Jones & Drust, 2007; Katis & Kellis, 2009; Owen et al., 2011). However, it should

be noted that whilst the frequency of technical actions is increased with fewer players, the
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tactical component of the SSG may be limited, as players are less restricted to specific

positional tasks (Turner & Stewart, 2014).

Another key variable that is often manipulated during SSGs is the pitch area size, both in
absolute terms and relative to player number (Owen et al., 2004; Tessitore et al., 2006;
Rampinini et al., 2007c; Kelly & Drust, 2009; Casamichana & Castellano, 2010; Hill-Haas et
al., 2011; Hodgson et al., 2014; Castellano et al., 2015). The rationale for this is clear, as the
playing dimensions have been shown to manipulate the physical and technical demands placed
on players (Casamichana & Castellano, 2010). Studies are not always in agreement on the
influence of pitch size on the physiological response of the players. Whilst the consensus in the
literature is that greater area sizes per player result in higher metabolic and perceptual responses
(Aroso et al., 2004; Casamichana & Castellano, 2010; Rampinini et al., 2007c; Owen, Twist,
& Ford, 2004; Koklii et al., 2013), some have found the opposite (Tessitore et al., 2006) or
reported no differences (Kelly & Drust, 2009). Nevertheless, a likely factor explaining why
most studies report an increase in intensity in a larger area size per player is due to the increased
space each player must cover, and therefore a decreased opportunity for recovery (Clemente et
al., 2014b). However, inconsistency in the number of players per team, or the presence of GKs,
could explain the minor inconsistencies in the literature (Rampinini et al., 2007c; Castellano et

al., 2013).

With regards to the external demands, there is a general agreement across the literature that
SSGs played with lower player numbers (e.g., 1 vs 1 —5 vs 5) result in more changes in velocity
(Hodgson et al., 2014; Lacome et al., 2018) and less HSR (Casamichana & Castellano, 2010;
Castellano et al., 2015; Lacome et al, 2018) than larger formats (e.g., 6 vs 6 — 10 vs 10).
Although this relationship is likely to be very dependent on the pitch area size per player.
Previous work in soccer has associated both changes in velocity (Nedelec et al., 2014) and HSR
(Thorpe & Sunderland, 2012; Hader et al, 2019) with fatigue in the hours and days that follow
11 vs 11 matches. Therefore, given the popularity of SSGs in soccer training, it seems prudent
that the responses to SSGs are also investigated, considering the impact this may have on the
ability to train other important components throughout the training week. A summary of the
key studies that have investigated the influence of changing the number of players and/ or the

pitch area is presented in Table 4.
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Table 4. Summary of key studies that have investigated the influence of changing the number of players and/ or the pitch size during SSGs.

Study Sample Player Pitch dimensions Area per player Training regimen Key results Findings
number (work/rest)
Mean %HRumax; RPE (AU, Borg 20-point scale) reported: - All formats assessed appear appropriate for
- 2vs2+GKs -30x20 yd - 150 yd? - 4x2-min/1-min ~ 88.5%; 16 AU development of aerobic properties
Little & 28 elite - 3vs3+GKs -43vs25 yd - 175 yd? -4x3:30-min/1.30-min ~ ~91%; 15.5 AU - Non-significant correlation (» = 0.60)
V\;'ll? players - 4vs4+GKs -40x30 yd - 150 yd? - 4x4-min/2-min ~90%; 15.5 AU between HR and RPE, likely due to different
2(‘)0173“15 -5vsS+GKs - 45x30yd - 135 yd? - 4x6-min/1.30-min ~89%; 14.5 AU training regimen.
( ) - 6vs6+GKs - 50x30 yd - 125 yd? - 3x8-min/1.30-min ~87.5%; 13.5 AU - Smaller formats (2vs2-4vs4) may be more
- 8vs8+GKs - 70x45 yd -197 yd? - 4x8-min/1.30-min ~ 88%; 14 AU suited to anaerobic development.
Mean %HRumax; RPE (AU, Borg CR-10 scale); BLa - Exercise intensity decreased with higher
(mmol-L™") reported: player numbers.
R inini et 20 amateur -3vs3 - 12x20, 15x25, 18x30 m - 40, 63, 90 m? - 3x4-min/3-min - 89.4 %HRumax; 5.5 AU; 7.6 mmol-L™! average of all sizes. - Exercise intensity increased with larger pitch
larr;[z)l(r;;nl e players - 4vs4 - 16x24, 20x30, 24x36 m - 48, 75, 108 m? - 3x4-min/3-min - 88 %HRumax; 5.0 AU; 7.2 mmol-L"! average of all sizes. area with the same player number.
al. ©) - 5vsS -20x28, 25x35,30x42m - 56, 88, 126 m’ - 3x4-min/3-min - 87.4 %HRmax; 4.8 AU; 6.8 mmol-L™! average of all sizes. - Coach encouragement significantly increased
- 6vs6 - 24x32, 30x40, 36x48 m - 64, 100, 144 m? - 3x4-min/3-min - 85.7 %HRumax; 4.2 AU; 6.3 mmol-L average of all sizes.  the exercise intensity for all SSGs assessed.
Mean %HRumax; number of technical actions reported: - Changes in pitch size do not alter the HR or
8u-19 - 4vs4+GKs -30x20 m -75 m? - 4x4-min/ 2-min - 91 %HRumax; more tackles & shots than other conditions. the majority of technical requirements during
Kelly & players. - 40x30m - 150 m? - 4x4-min/ 2-min - 90 %HR max SSGs.
= = 2 = - i = i = 9 max
Drust (2008) 50x40 m 250 m 4x4-min/ 2-min 99 %HR;
Mean %HRmax; number of technical actions reported: - 3vs3 induced higher HR response
34u-15 - 3vs3+GKs - 15x25 m -62.5m? - 10x4-min/3-min - 87.6 %HRmax - More short passes, kicks, dribbles, tackles
. players. - 6vs6+GKs - 30x40 m - 100 m? - 10x4-min/3-min - 82.8 %HRumax; less technical actions with the exception and goals in 3vs3 compared to 6vs6.
Kat1§ & of long passes and headers. - More long passes and headers in 6vs6.
Kellis (2009)
Mean %HR ma; total distance; HSR (m, >18 kmh™'); RPE - As the pitch area size increases total and
(AU, Borg CR-10); technical actions reported: HSR distance, along with the physiological
C ich 10 u-17 - 5vs5+GKs -32x23 m -73.6 m* - 1x8-min - 86.0 %HRmax; 696m; 4.9m; 5.7 AU load.
&aéamtlc”ana players. -50x35m 175 m? - 1x8-min - 88.5 %HRmax; 909m; 28.5; 6.7 AU - Smaller pitch results in more technical
20 I%S)e ano -62x44 m -272.8 m? - 1x8-min - 88.9 %HRmax; 1000m; 74.2m; 6.7 AU actions (interceptions, control, dribble, shoot,

clearance).
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Mean %HRR & BLa (mmol-L") reported:

- Physiological demands are higher during

27 elite u- -2vs2 -20x25 m - 125 m? - 8x2-min/ 1-min - 80.1 %HRR, 6.32 mmol-L"! 2vs2 and 3vs3 compared to 4vs4.
Dellal et al 17 players. -3vs3 -25x30 m - 125 m? - 6x3-m%n/ 1.30'-min - 80.5 %HRR, 7.48 mmol-L"! - Homogeneity lower (<CVs) in 4vs4
2011) : - 4vsd -28x35m -122.5m? - 4x4-min/ 2-min -70.6 %HRR, 7.07 mmol-L"! compared to other games.
Mean %HRmax; number of technical actions reported: - 3vs3 induced significantly higher exercise
15 elite - 3vs3+GKs -30x25m 125 m? - 3x5-min/ 4-min - 90£2.4 %HRmax; more dribbles, shots, tackles & touches.  intensity than 9vs9.
players. - 9vs9+GKs - 60x50 m -167m? - 3x5-min/ 4-min - 81£5.5 %HRmax; more blocks, headers, passes, receives - Technical actions during 3vs3 more suitable
Owen etal, &i i for midfielders and attackers, whereas duri
011) interceptions. or midtie er's and attackers, whereas during
9vs9 more suitable for defenders.
Mean %HRmax; BLa (mmol-L™") reported: - %HRumax significantly higher for 3vs3 than
20u-17 -2vs2 - 15x20 m -75m? - 3x2-min/ NR - 88.6 %HRmax; 7.8 mmol-L! 2vs2 and 4vs4.
Koklii (2012) players -3vs3 - 18x24 m - 72 m? - 3x3-min/ NR - 92.0 %HRunax; 6.8 mmol-L! - BLa significantly higher for 2vs2 compared
- 4vsd -24x36 m - 108 m? - 4x3-min/ NR -90.1 %HRmax; 6.7 mmol-L! to 3vs3 and 4vs4.
Mean %HRumax; RPE (AU, Borg CR-10 scale) reported: - Increased pitch size per player results in
16 u-15 -3vs3 -20x15m -50m? - 4x3-min/2-min - 87.1 %HRmax; 5.2 AU higher exercise intensity.
Kokl ot al players -25x18m -75m? - 4x3-m%n/2-m%n - 89.0 %HRumax; 5.6 AU
2013) : - 30x20m - 100 m? - 4x3-min/2-min -91.9 %HRmax; 6.1 AU
( - 4vs4 -20x20 m -50 m? - 4x4-min/2-min - 86.5 %HRumax; 4.4 AU
-30x20m -75m? - 4x4-min/2-min - 88.9 %HRmax; 5.0 AU
-32x25m - 100 m? - 4x4-min/2-min -90.7 %HRmax; 5.3 AU
Mean %HRumax; total distance (m), PL (AU), HSR (m, >16 - Increased pitch size per player increases total
kmh™") reported for each condition: and HSR distance.
24 elite - 7vs7+GKs - 45x27, 63x38, 78x46 m - 100, 200,300 m> - 2x12-min/5-min - 82, 87, 88 %HRumax; 1816, 2085, 2307 m; 267, 285, 300 - The relative area per player has a higher
Castellano et h AU; 48, 115,202 inft the physical demands than th
al. (2015) yout] . . ‘ ; 48, , m influence on the physical demands than the
players - 9vs9+GKs -52x31, 73x44,90x54 m - 100, 200, 300 m - 2x12-min/5-min - 83, 85, 85 %HRmax; 1845, 2003, 2250 m; 233, 246, 271 number of players.
AU; 70,107, 164 m
-10vs10+GKs - 58x35, 82x49, 100x60 - 100, 200, 300 m?> - 2x12-min/5-min - 81, 89, 88 %HRumax; 1766, 2148, 2314 m; 229, 274, 306
m AU; 62,179,200 m
Mean %HRumax; RPE (AU, Borg CR-10); total distance - Larger pitch increased HR and RPE.
(m) reported: - Inclusion of GKs decreased workload of
Hulka 29 u-19 - 5vsS -28x20 m -56m? - 3x4-min/3-m%n - 87.4 %HRmax; 4.7 AU; 356 m players on the small pitch, but not medium and
Weiss;zr & players. -25x35m -87.5m? - 3x4-m%n/3-m¥n -91.7 %HRmax; 5.7 AU; 367 m large pitches.
Belka (2’016) -42x30 m 126 m? - 3x4-m1n/3-m¥n - 89.5 %HRmax; 7.1 AU; 489 m
- 5vs5+GKs -28x20 m - 56m? - 3x4-min/3-min - 84.8 %HRmax; 4.9 AU; 372 m
-25x35m -87.5m? - 3x4-min/3-min - 87.2 %HRmax; 5.1 AU; 373 m
-42x30 m 126 m? - 3x4-min/3-min - 88.6 %HRmax; 7.5 AU; 497 m

Abbreviations: %HRmax, percentage of maximum heart rate; %HRR, percentage of heart rate reserve; GKs, goalkeepers; BLa, blood lactate; RPE,
rating of perceived exertion; NR, not reported; PL, Playerload™ (see section 2.4.5 for review); HSR, high-speed running; AU, arbitrary units.
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2.3.2.4 Use of goals and goalkeepers

Another common format modification is whether GKs with goals are included or removed, and
SSGs played with their removal is typically defined as ‘possession play’. Several studies have
investigated the influence of these factors and the findings are conflicting (Mallo & Navvaro,
2008; Castellano et al., 2013; Gaudino et al, 2014; Ko6klii et al, 2015; Hulka, Weisser, & Belka,
2016). Some studies have reported that the addition of goals and GKs reduces the intensity in
comparison to possession play (Dellal et al., 2008; Mallo & Navvaro, 2008; Castellano et al.,
2013; Kokl et al., 2015). For example, Mallo and Navarro (2008) reported a decrease in
%HRmax, total and HSR distance in 3 vs 3 SSGs with goals and GKs in comparison to
possession play. This is supported by Castellano et al. (2013b), who reported that indicators of
both internal and external load decrease when SSGs are played with goals and GKs. The
authors suggested that the reduced physiological responses and movement demands were
associated with an increased defensive organization and a higher likelihood for players to
maintain positioning, thus decreasing the tempo of play (Castellano et al., 2013). In contrast,
Gaudino et al. (2014) reported that the total distance, HSR (19.8-25.2 km.h-1) and sprinting
(>25.2 km.h-1) distances, as well as acceleration and deceleration variables, were higher in
SSGs played with regular goals and GKs than without. Similarly, Dellal et al. (2008) reported
an 11% increase in HR responses when goals and GKs were included during 8 vs 8 SSGs.
Here, the authors concluded that the presence of GKs may have increased motivation to attack
and defend, therefore increasing the physiological load. Interestingly, Hulka, Weisser, and
Belka (2016) found that during 5 vs 5 SSGs, the inclusion of goals and GKs decreased the
workload of the player on a small pitch (28 x 20 m), but not on a medium (25 x 35 m) or large
(42 x 30 m) pitch. Therefore, pitch size may be an important factor in whether the inclusion of
GKs affects the intensity of play. To date, the influence of goals and GKs on exercise intensity
during SSGs is unclear, and it is possibly dependent on the number of players or the pitch size.
However, their inclusion likely plays an important role in keeping team structures and
formations intact, as well as increasing motivation and communication between players.
Furthermore, it could be argued that their inclusion is more representative of competitive 11 vs

11 matches.
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2.3.2.5 Coach encouragement

Direct supervision and coaching during training has been shown to increase exercise intensity
in a variety of settings (Halouani et al., 2014). Indeed, this relationship has also been
demonstrated in soccer, and active and consistent coach encouragement has a positive influence
on training intensity. A comprehensive study by Rampinini et al. (2007¢) investigated the effect
of coach encouragement in 20 amateur players on HR, BLa, and RPE responses during various
SSG formats (i.e., 3 vs 3 — 6 vs 6) played on small, medium, and large pitches (Table 4). The
authors observed that during all SSG formats, all markers of training intensity (i.e., HR, BLa
and RPE) were significantly higher during situations when the coach was actively providing
encouragement. Similarly, Sampaio et al. (2007) reported a significant increase in RPE for 2
vs 2 and 3 vs 3 SSGs with verbal encouragement, but no significant change in the %HRmax.
Together, these studies provide evidence that direct coach encouragement is important when

the aim is to achieve high exercise intensity during SSGs.

2.3.2.6 Training prescription

Typically, SSGs in the context of soccer training are programmed in the form of intervals (e.g.,
a set number of repetitions of ~2 — 10-min) as opposed to continuous durations (e.g., >20-min),
despite competitive 11 vs 11 matches being split into two 45-min halves (Aguiar et al., 2013).
Several studies have investigated the influence of interval vs continuous SSG training. Hill-
Haas et al. (2009¢) compared continuous (24-min) vs interval (4 x 6-min with 90 s rest) training
prescriptions across three different SSG formats (2 vs 2, 4 vs 4, 6 vs 6). Whilst RPE and

%HRmax were significantly higher in continuous compared with interval play, the distances

covered at higher speed (13 — 18 km-h™") and the number of sprints (>18 km-h'") were higher
during the interval format, despite the total distance being similar between formats. The
differences in both the physical and physiological demands are likely explained by the recovery
period in the interval format enabling the players to start subsequent bouts with a lower
%HRmax, and therefore produce a higher intensity of play. In contrast, Koklii (2012) compared
training prescription during various SSGs (2 vs 2, 3 vs 3, 4 vs 4) and observed that interval and
continuous formats produced similar physiological responses (Y%oHRmax & BLa), concluding
that both methods could be used for the targeted physiological adaptations. However, it should
be noted that the duration of play in this study was shorter (interval, 3 x 2 — 4-min; continuous,

1 x 6 — 12-min) than those of the previously mentioned study by Hill-Haas et al (2009c). This
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may go some way in explaining the differences between studies. Taken together, whilst there
may be differences in the physical demands and physiological responses between continuous
and interval SSG training, it appears neither method has one major advantage over the other,
supporting the efficacy of both for training (Hill-Haas et al., 2009¢; Koklii, 2012). It could be
suggested that increased high-intensity movement demands during interval prescriptions may
elicit more anaerobic metabolism, however, continuous SSG play is likely to result in greater

and prolonged HR responses which is arguably more characteristic of competitive matches.

2.3.2.7 Small-sided games summary

From reviewing the SSG literature, it is clear that they can be an effective training method that
provides similar physiological responses to various modes of running-based interval training,
whilst replicating some of the movement and technical demands of competitive games. The
format of an SSG is an important factor, and a multitude of variables can be manipulated to
alter the demands. However, to the author’s best knowledge, there is no research on the fatigue
responses to SSGs in the hours and days that follow their performance. This may influence
their scheduling within a training program, and a better understanding of how they may interact
with other activities a coach wishes their athletes to perform may be beneficial. To gain a better
understanding of the responses to an activity, it is firstly important to quantify the demands of
that activity. To do this precisely, the methodology should be reliable and valid, and possible
limitations should be acknowledged. Therefore, section 2.4 will summarise the literature
regarding time-motion analyses in team sport, with a primary focus on GPS devices and their

use in soccer.

2.3.3 Strength and power

Training with the intentions of developing strength and power is an integral component of
physical preparation programs for many athletes (Young, 2006). Whilst maximal strength
refers to the maximum force that can be performed by the neuromuscular system during a
maximum voluntary contraction (i.e., one repetition maximum [1RM]), power is the product
of force and velocity and refers to the ability of the neuromuscular system to produce a high
level of force in a short timeframe (Stelen et al., 2005). A fundamental relationship exists
between strength and power, which dictates that an athlete cannot express a high level of power

without first being relatively strong (Cormie, McGuigan, & Newton, 2011b). This is supported
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by the numerous studies revealing that individuals with greater strength have markedly superior
power production capabilities than those with a lower level of strength (Moss et al., 1997;
Blackburn & Morrissey, 1998; Stone et al., 2003; Carlock et al., 2004; Miyaguchi & Demura,
2008; Nuzzo et al., 2008; Baker, & Newton, 2008; Cormie, McBride, & McCaulley, 2009;
Cormie, McGuigan, & Newton, 2010b). Furthermore, an increase in maximal strength is
usually associated with an improvement in relative strength to bodyweight ratio, and therefore,
an enhanced ability to express power (Baker & Nance, 1999). Indeed, strong, and positive
relationships (» = 0.77 — 0.94) between 1RM and maximum power have been reported in a

range of populations (Moss et al., 1997; Baker, 2001; Baker, 2002; Stone et al., 2003).

With regards to soccer, many key game demands (e.g., kicking, sprinting, changing direction,
jumping, tackling) involve repeated powerful movements, and indeed, the ability to exert a
large amount of force in a short timeframe underpins the performance of these tasks. The
relationship between strength and power characteristics of the lower body and the ability to
perform the above mentioned key game demands is well established in previous literature
(Wisloff, Helgerud, & Hoff, 1998; Wisloff et al., 2004; Cronin & Hansen, 2005; Kotzamanidis
et al., 2005; Ronnestad et al., 2008; West et al., 2011; Ferrete et al., 2014; Silva, Nassis, &
Rebelo, 2015; Thomas et al., 2015; Wing, Turner, & Bishop, 2018; Northeast et al., 2019;
Boraczynski et al., 2020; Mock et al., 2021). For example, Wisloff et al. (2004) reported
significant correlations between lower body strength and 10 m sprint times (» = 0.94, p <0.001),
30 m sprint times (= 0.71, p <0.01), COD ability (» = 0.68, p <0.02), and JH (= 0.78, p
<0.02) in 17 elite male soccer players (Figure 5). Another example of the benefits achieved by
strength training can be seen in a study conducted in a Champions League team during an 8-
week pre-season (Helgerud et al., 2011). Players were unfamiliar with strength training as part
of their training, and an intervention was introduced with the aim of increasing neural
adaptation (i.e., 4 sets of 4 repetitions at 90% 1RM in the half squat). Strength training sessions
were completed twice per week and only took ~15-min to complete. Players improved their
half-squat IRM from 116 to 176kg and vertical JH increased from 57.2 to 60.2 cm. 10 m sprint
time result was reduced from 1.87 to 1.81 s, and 20 m sprint time improved from 3.13 to 3.08
s. In another study, Arnason et al. (2003) found that final league standing was significantly
related to team average CMJ height and leg extension power in 15 professional teams in the
top Icelandic league. With regards to technical actions, Wing, Turner and Bishop (2018)
observed a significant relationship between CMJ height and heading success (» = 0.80), as well

as |RM squat strength and tackle success (» = 0.61), in 15 young soccer players analysed over
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16 competitive matches. Whilst maximal strength training is known to improve running
economy (RE) in distance runners (Denadai et al., 2017), Hoff and Helgerud (2003) reported
significant improvements in RE (+ 4.7%) in soccer players after a maximal strength training
intervention that improved their half-squat 1RM by 33%, despite no changes in body weight
or VOamax.
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Figure 5 (A — D). Relationship between half squat IRM and 10 m sprint (A), 30 m sprint (B),
10 m shuttle (C), and vertical jump height (D) in elite soccer players. Reproduced from Wisloff
et al. (2004).

Aside from the above-mentioned performance benefits of enhanced strength and power, there
is convincing evidence that these physical qualities influence other key mechanisms related to
soccer performance. Owen et al. (2015) reported a significant correlation (moderate — very
large) between lower body force production and indices of muscle damage (i.e., creatine kinase
[CK] concentration) at 48 hours after matches in elite soccer players. This data is reinforced by
those of Johnston et al. (2015b), who reported that the post-match fatigue response is lower in
rugby players with better developed lower body strength and HSR ability, despite these players
having greater internal and external match loads. Furthermore, there is an abundance of
evidence that greater strength is related to decreased injury risk (Lehnhart et al., 1996; Fleck &
Falkel, 2007; Folland & Williams, 2007; Croiser et al., 2008; Opar et al., 2015). For example,

Lehnhart and colleagues (1996) demonstrated that the introduction a strength training regimen
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to a soccer team reduced the number of injuries by ~50%. Reduced injury rates and severity
are known to have a significant impact on team performance, as research indicates that a higher
squad availability coincides with a higher league placing over a season (Hagglund et al., 2013;

Carling et al., 2015).

2.3.3.1 Resistance training type

Various exercise modalities have been used in an attempt to develop strength and power. These
include compound resistance exercises, ballistic exercises, weightlifting derivatives (i.e., clean,
jerk, snatch), plyometrics, velocity-based training, isometric training, isolation exercises, and
sport-specific strength-based actions (Turner & Stewart, 2014; Silva, Nassis, & Rebelo, 2015).
The specific exercises, sets, repetitions, volume, and intensity vary greatly across studies, and
the content of resistance training programs are likely to differ between teams and are dependent
on the philosophy of the club staff and the individual needs of the players. However, Silva and
colleagues (2015) conducted a review of 24 manuscripts including a total of 523 soccer players
and concluded that high-intensity resistance training (e.g., strength training; <6 repetitions;
>80% 1RM; >3-min recovery) is more efficient than moderate-intensity resistance training
(e.g., hypertrophy training; >8 repetitions; 70 — 75% 1RM; <2-min recovery) in improving
jumping ability, 10 m acceleration time and maximal speed. Furthermore, Cormie, McGuigan,
and Newton, (2011b) conducted a non-soccer specific review and highlighted the abundance
of training studies revealing that heavy strength training results in not only enhanced maximal
strength but also enhanced power. Therefore, it is well established that enhancing and
maintaining maximal strength is essential when considering the long-term development of
power (Cormie, McGuigan, & Newton, 2011b). Whilst the mechanisms underpinning strength
adaptations are often thought to be primarily associated with increases in the cross-sectional
area of the muscle, improvements in strength are often observed without noticeable
hypertrophy which indicates that neural adaptations are a very important factor (Gabriel,
Kamen, & Frost, 2006). This suggests that more strength does not necessarily equate to an
increase in muscle mass and several distinct adaptations can lead to similar effects (Toigo &
Boutellier, 2006). In this regard, many of the adaptations to heavy resistance training (>80%
IRM), power and ballistic training are primarily attributed to neural adaptations, such as
enhanced motor unit recruitment and synchronisation, rate coding (frequency or rate of action
potentials), and intra-muscular coordination (Aagaard et al., 2002; Cormie, McGuigan, &

Newton, 2011b). With regards to athletes such as soccer players, where the demands are
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primarily non-contact compared to rugby or NFL players, this is an important consideration.
Although somewhat position-dependent, ideally soccer players would increase their relative
strength to bodyweight ratio so that their ability to run, sprint and change direction is not
compromised. Therefore, heavy resistance exercise and/ or explosive and ballistic exercises are
generally recommended in soccer players to increase neuromuscular performance without a

concomitant increase in body mass (Silva et al., 2015).

2.3.3.2 Resistance training frequency

As mentioned in the previous sections of this review, the high fixture demand in soccer limits
the availability of time to train physical qualities (Morgans et al., 2014). From a training
frequency perspective, Ronnestad and colleagues (2011) observed that one strength training
session per week during the first 12 weeks of the in-season period resulted in a sufficient
training stimulus for maintaining the pre-season (two sessions per week for 10 weeks) gains in
strength, jump, and sprint performance of professional players. However, a lower weekly in-
season volume (one session every two weeks) resulted in detraining of all variables apart from
jump performance (Ronnestad, Nymark, & Raastad, 2011). Koundourakis et al. (2014)
investigated the resistance training frequency of three professional teams. Team (a) performed
two sessions per week, whereas team (b) and (c) performed only one resistance training session
per week. All teams exhibited greater neuromuscular performance in the middle of the season
in comparison to the start of the season. Yet only team (a) that performed a higher number of
resistance training sessions displayed improved neuromuscular performance during the end
phase of the season. Furthermore, team (a) showed higher total testosterone concentrations
throughout the season compared to teams (b) and (c¢). The authors concluded that the elevation
of endogenous androgens as a result of a higher volume of strength training indicated that the
best method to improve athletic performance is consistent intense training. In summary, it has
been shown that two weekly sessions of strength training are sufficient to increase strength and

power, with one weekly session being adequate to avoid in-season detraining

2.3.3.3 Summary of strength and power training in soccer

Strength and power are fundamental physical qualities that underpin performance in soccer.
Furthermore, enhancing and maintaining strength is essential in underpinning the long-term
development of power (Cormie, McGuigan, & Newton, 2011b). Given this, soccer players

should aim to concurrently develop and maintain aerobic capacity along with strength and
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power. However, there is evidence that the simultaneous integration of resistance and
endurance exercise into a training program (i.e., concurrent training) compromises the
development of strength and power in comparison to undertaking resistance training alone
(Hickson, 1980; Leveritt et al., 1999; Wilson et al., 2012; Fyfe, Bishop, & Stepto, 2014). Whilst
the mechanisms for this ‘interference effect’ are likely multifactorial, possible reasons are that
the endurance exercise interferes with the ability to perform the resistance training sessions
(via residual fatigue and/ or substrate depletion; Leveritt et al., 1999), as well as moderations
in the acute molecular responses that mediate strength and power adaptation (Baar, 2006;
Hawley, 2009). This is a key programming consideration and practitioners should have an
understanding of the factors that may influence this interference effect. More detail on

concurrent training is provided in section 2.8.3 of this review.
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2.4 GLOBAL POSITIONING SYSTEMS

GPS refers to satellite-based navigation originally developed by the US military in the early
1970s. By the 1980s it was made available for civilian use and has been applied to a variety of
settings since, including sports (Aughey, 2011; Cummins et al., 2013). Fundamentally, orbiting
satellites transmit radio signals that allow for the calculation of the time it takes for a signal to
travel from the satellite to a GPS receiver on earth (Cummins et al., 2013). If at least four
satellites are synchronised with a GPS receiver, the distances between satellites and a GPS
device can be calculated, and through a series of trigonometric calculations, the specific
location of the receiver can be determined (Larsson, 2003; Witte & Wilson, 2004). Once the
location of the GPS receiver is known, its displacement over a given time can be used to
calculate the velocity of movement. This is of interest to coaches, athletes, scientists, and others

associated with sports performance (Aughey, 2011; Cummins et al., 2013).

The first research paper attempting to validate the use of GPS in quantifying human locomotion
was published by Schutz and Chambaz (1997). A single participant undertook 76 different
trials (i.e., 19 walking, 22 running, and 35 cycling) at constant velocities whilst equipped with
an early commercially available device (GPS 45, Garmin) and was compared against a Swiss
certified chronometer. A near-perfect correlation (r= 0.99) was observed between the
displacement measured by the GPS device and the chronometer. Despite this promising early
research, it was clearly limited in its application to team sport as the path taken by an athlete
involves regular changes in direction and velocity (Aughey, 2011). In addition, for use in sport
a GPS device had to be light (early devices weighted up to ~4 kg) and able to withstand heat,
moisture, and impacts (Aughey, 2011). Modern devices are now small and robust enough to be
harnessed between an athlete’s scapulae during training and matches (Figure 6). After the
pioneering research by Schutz and Chambaz (1997), it would still be more than a decade before
research quantifying the reliability and validity of GPS in tracking team sport movement was
published. As the technology increased in sampling frequency (range, 1 — 20 Hz), the early
literature on GPS moved on from validating steady-state displacement at a set velocity to
quantification of sport-specific movements on the field (Aughey, 2011). The use of GPS is now
commonplace in monitoring the movement demands in sport, and the following sections will
discuss its application, reliability, and validity in tracking sporting movements in general, with

a specific focus on soccer.
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Figure 6. Vest garment designed to harness a GPS unit (Catapult, Australia).

2.4.1 The use of global positioning systems in team sport

The current literature provides an array of information on the GPS measured training and match
activity profiles of athletes across numerous team sports (e.g., AFL, rugby codes, cricket,
Gaelic football, hockey, tennis, and soccer). Furthermore, there is an abundance of literature
investigating the reliability and validity of GPS devices for the measurement of team sport
activity, which will be discussed in sections 2.4.3 and 2.4.4. External load (i.e., GPS data) is
often used in conjunction with internal load (i.e., HR) and perceptual responses (i.e., RPE) to
provide a holistic assessment of physical exertion. Generic uses of GPS in sport include
profiling the match demands, assessment of competition performances and establishing

training loads (Cummins et al., 2013).

Traditionally, GPS was used to measure basic components of player movement, with the most
prominently reported metrics being total distance, distance covered at various speed thresholds,
and the number of acceleration and deceleration efforts (Cummins et al., 2013). More recently,
the integration of a tri-axial accelerometer sampling at 100 Hz within the GPS unit enables the
measurement of a composite vector magnitude (expressed as G-force) by recording the sum of
accelerations measured in three planes of movement (X, Y, and Z axes). In addition,
gyroscopes and magnetometers are embedded within the GPS unit to measure rotational forces
and the orientation of an athlete’s body (Figure 7). Through this integration of technology,
accelerometers can quantify the summation of all forces acting on an athlete’s body, including
impacts with other athletes, objects, and surfaces (Cummins et al., 2013). These metrics are of
particular interest in contact sports, and inevitably add to the broader understanding of
workload in rugby and contact football codes (McLellan, Lovell, & Gass, 2011; Gabbett,
Jenkins, & Abernethy, 2012; Suarez-Arrones et al., 2012; Cunniffe et al., 2009). In addition,
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accelerometers can work independently from the GPS and are therefore very useful for indoor

sports, such as basketball and netball.

Inertial sensors : Antenna:
Gyroscopes: Receives
Measure the signals from
orientation of the GPS and
athlete’s body GLONASS
position. (Russian)
Accelerometers: :gf;ﬁ{: sa ?:rd
Measure impact 38 twice the
forces. inches tracking.
Magnetometers:

Measure

Battery

Microprocessor: Central processing
Sm— unit that crunches the data.

direction like a
digital compass.

Figure 7. Components of a GPS unit (Catapult S5 Unit, Australia).

2.4.2 Time-motion analysis in soccer and relationships between tracking systems

The methods for assessing time motion analysis in soccer have developed progressively over
time. Pioneering studies used a single camera to record and analyse each player individually
(Reilly & Thomas, 1976) but were labour intensive, subjective, and susceptible to human error.
More contemporary approaches such as multi-camera semi-automated systems (i.e., ProZone,
Amisco) can gather a more objective analysis of match-play (Di Salvo et al., 2007). However,
it is unlikely that teams will have camera systems installed at their training facilities, making
comparisons between training and games challenging (Buchheit et al., 2014b; Linke et al.,
2018). More recently, GPS has circumvented the more traditional time-motion analysis
methods. This is largely due to the ability of practitioners to use the same tracking system
during both training and matches, and the ability of GPS to quantify the acceleration and
accelerometry demands that could not previously be obtained by fixed speed thresholds with
camera analyses (Harley et al., 2010; McLellan, Lovell, & Gass, 2011; Dwyer & Gabbett,
2012). The governing body of soccer (i.e., FIFA) approved the use of GPS in competitive
matches in 2015, however, some teams still refrain from using GPS in competitive matches,

relying instead on camera systems for tracking data. This may be due to the reluctance of
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players in wearing a GPS vest in matches, or the benefit of obtaining opposition data from the
cameras for between-team comparisons. However, using different systems interchangeably to
measure the same athlete over time is problematic for several reasons (Carling, 2013; Buchheit
et al., 2014b). Whilst cameras can capture locomotor activities such as the distances covered
and the frequency and distribution of efforts performed at given speeds (Bradley et al., 2009;
Mohr, Krustrup, & Bangsbo, 2003), this does not consider that acceleration is often maximal
even at low absolute speeds (Akenhead et al., 2013; Varley & Aughey, 2013). Furthermore,
numerous studies report significant differences in outputs from GPS and camera systems
(Randers et al., 2010; Harley et al., 2011; Cook, 2014; Buchheit et al., 2014b; Linke et al.,
2018). Randers et al. (2010) compared four different tracking systems (i.e., 1 Hz GPS; 5 Hz
GPS, video analysis, computer-based tracking) during the same soccer match. The authors
reported that despite detecting similarities in performance decrements throughout the game,
there were large between system differences in determining the total distance (1 Hz GPS, 9.52
+ 0.89 km; 5 Hz GPS, 10.72 £ 0.70 km; video analysis, 9.51 + 0.74 km; computer-based
tracking, 10.83 + 0.77 km). This is supported by Cook (2014), who found that computer-based
tracking and semi-automated video analysis overestimated 5 Hz GPS data by 251 + 81 m and
191 + 42 m respectively. With regards to high-speed activity, Randers et al. (2010) reported 5
Hz GPS to underestimate HSR (>18 km-h'!) by 63 m in comparison to a semi-automated
tracking system. Yet these differences in agreement were far less in comparison to video
analysis and 1 Hz GPS, which underestimated HSR by 104 m and 99 m respectively. These
findings are similar to those of Harley et al. (2011), who reported that semi-automated tracking
overestimated sprinting (>25.2 km-h'!) and HSR (19.2 — 25.2 km-h'!) values by 13.8 m and
51.1 m respectively, in comparison to 5 Hz GPS during a competitive match. In an attempt to
counteract these differences, some researchers have developed calibration equations so that the
data is more comparable (Buchheit et al., 2014b). However, caution should still be used when
using this approach, given the moderate typical error of the estimate (Buchheit et al., 2014b).
In summary, whilst there are several tracking systems available and there is no ‘gold standard’
measure, differences between systems exist which makes it problematic when using different

systems interchangeably.
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2.4.3 Influence of sampling rate on the reliability and validity of global positioning systems

The reliability and validity of GPS has been studied extensively in the last decade across a
range of sampling rates (1 — 20 Hz) and in a wide range of team sports. When attempting to
compare differences between individuals, a device must hold acceptable inter-unit reliability
(Heale & Twycross, 2015). In addition, when aiming to compare the same player over different
activities, the same device should produce the same data consistently (intra-unit reliability).
Methods in assessing this typically include running the GPS device through a pre-measured
course to assess distance, comparing the GPS to timing gates or radar guns for speed, or
attaching the unit to an automatic sled to assess instantaneous velocity (Cummins et al., 2013;
Akenhead et al., 2014). The need for GPS to hold acceptable inter and intra-unit reliability, as
well as a high level of validity, is imperative for those working in elite sport, as important

programming decisions are often informed by the data.

Studies investigating the validity and reliability of early commercially available GPS devices
sampling at 1 Hz generally reported that they were acceptable at measuring slow to moderate-
speed linear locomotion, but the validity and reliability were reduced at higher speeds and over
non-linear paths (MacLeod et al., 2009; Coutts & Duffield, 2010; Jennings et al., 2010; Kelly
et al., 2014). As the sampling rate increased to 5 Hz, a strong trend across the literature is that
both reliability and validity improved in comparison to 1 Hz devices (Barbero-Alvarez et al.,
2010; Jennings et al., 2010; Johnston et al., 2012; Petersen et al., 2009). However, the same
limitations were present when the speed increased above 20 km-h"!, when assessing sprints
over shorter distances (<20 m) or when multi-directional movement was introduced (Petersen
et al., 2009; Jennings et al., 2010; Johnston et al., 2012). For example, Jennings et al. (2010)
reported that the standard error (SE) in 10 m sprints for 1 and 5 Hz GPS were 32.4% and 30.9%
respectively. Furthermore, although the 5 Hz system was twice as reliable in comparison to the
1 Hz system, the CV for higher speed runs over shorter distances (10 — 20 m) was poor (17.5
—39.5%). These findings were confirmed by further studies comparing 1 and 5 Hz GPS devices
(Boyd et al., 2011; Johnston et al., 2012). Whilst these studies showed promising results for
the future application of GPS, the errors in assessing short and high-speed sprints were major
limitations in their application to a team sport. It is clear that these movements are considered
key game characteristics that are important to monitor, both for performance and their
relationship with fatigue (Thorpe & Sunderland, 2012; Nedelec et al., 2014; Russell et al.,
2016b; Hader et al., 2019).
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More recent advancements have seen 10 and 15 Hz GPS now commonplace in elite sport and
there is a general agreement across the literature that there is a considerable improvement in
measuring constant speed and changes in velocity. An early study by Castellano et al. (2011)
investigated the reliability and validity of a 10 Hz system. The researchers assessed 15 and 30
m sprints, which were generally the least valid and reliable measures in previous 1 and 5 Hz
literature. They reported that the 10 Hz GPS produced more valid (6.5% bias) and reliable (CV
5.1%) results during longer (30 m) compared to the shorter sprints (15 m) (11.9% bias, CV
10.9%) (Castellano et al., 2011). Despite the lower accuracy at high-speed over short distances,
this was a clear improvement to the previously studied lower sampling frequency devices
(Petersen et al., 2009, Jennings et al., 2010). In this vein, Varley, Fairweather and Aughey
(2012) reported that 10 Hz GPS devices were up to six times more reliable than their 5 Hz
counterparts. The authors reported CV values for constant velocity, acceleration, and
deceleration as <5.3%, <4.3% and <6% respectively for a 10 Hz sampling rate, in comparison
to <12.4%, <16.2% and <31.8% for a 5 Hz device. The same authors also reported that 10 Hz
GPS devices were two to three times more accurate than 5 Hz devices in assessing velocity
measures (constant, accelerating and decelerating) under various starting speeds (1 —3,3 -5
and 5 — 8 m's™!), with a mean bias of 3.6%. As previously mentioned, Jennings et al., (2010)
reported that the SE in a 10m sprint for 1 and 5 Hz GPS, was 32.4 and 30.9% respectively. In
contrast, the 10 Hz device demonstrated a 10.9% SE over a 15 m sprint (Jennings et al., 2010).
It is generally accepted that GPS units sampling at 10 Hz possess an acceptable level of validity
and reliability in measuring total distance, short sprints, and changes in velocity (Table 5).
Interestingly, research has shown that there may not be an improvement in reliability or validity
when the sampling rate increases to 15 Hz. Johnston et al. (2014) compared 10 and 15 Hz
devices during a team sport simulation circuit and found no significant difference between the
pre-measured distance and the distance reported from both GPS devices. However, the
maximum speed reported from both devices was significantly different to the measured peak
speed. Yet, given that the average for both sets of devices was within 0.5 km-h™! of the measured
speed, this may be acceptable on a practical level (Johnston et al., 2014). Interestingly, whilst
both GPS devices were shown to be valid and reliable, the 15 Hz GPS units exhibited lower
validity for total distance and average peak speed than the 10 Hz counterparts (Johnston et al.,
2014). A summary of the key studies that have investigated the reliability and validity of 10
and 15 Hz GPS is presented in Table 5.
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Table 5. Summary of key studies that have assessed the reliability and validity of 10 and 15 Hz GPS.

Study

Aim

Methods

Results

Conclusions

Castellano et al.
(2011)

Reliability and accuracy of 10
Hz GPS in sprints of 15 and
30m.

- 9 trained athletes with 1 GPS
performed 6 and 7 maximal sprints of
15 m and 30 m respectively (total n =
117 runs).

- Compared to timing gates and camera.

- 10 Hz GPS produced more valid
(6.5% bias) and reliable (SEM 5.1%)
results on 30 m sprints compared to the
15 m distance (11.9% bias, SEM
10.9%).

- CV was 1.3% and 0.7% for 15 m and
30 m sprints respectively.

- 10 Hz GPS shows better intra and
inter-device reliability in comparison
to previous work with 5 Hz devices.

Varley,
Fairweather,
Aughey (2012)

&

Validity and reliability of 5 and
10 Hz GPS for measuring
acceleration, deceleration and
constant velocity during straight
line running.

- 80 straight line running trials were
performed by 3 subjects wearing 5 and
10 Hz GPS.

- Participants maintained constant
speed before accelerating and then
decelerating to a stop.

- Compared against criterion laser
system.

- 10 Hz devices two to three times
more accurate than 5 Hz at range of
velocities (CV 3.1 — 11.3%)

- 10 Hz six times more reliable at
measuring instantaneous velocity (CV
1.9 - 6.0%)

- Newer 10 Hz GPS an acceptable tool
for the measurement of constant

velocity, acceleration, and
deceleration  during  straight-line
running.

Akenhead et
(2014)

al.

Validity and inter-unit reliability
of 10 Hz GPS for measuring
instantaneous velocity during
maximal accelerations.

- Two 10 Hz GPS devices towed on a
sled during max 10 m sprint.

- Compared to criterion laser measure,
which grouped data into acceleration
thresholds.

- Mean bias, standard error of the
estimate and TE all increased during
accelerations of (>4 m-s?).

- The validity and reliability of 10 Hz
GPS for the measurement of
instantaneous velocity is inversely
related to acceleration.

- During accelerations >4 m-s?
accuracy is compromised.
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Johnston et al.
(2014)

Validity and inter-unit reliability
of 10 Hz and 15 Hz GPS units
for assessing team sport athlete
movement demands.

- 8 trained male participants completed
team sport simulation circuit with both
GPS devices.

- TD and time spent at various speed
thresholds assessed.

- 10 Hz units were a valid (p >0.05)
and reliable (% TEM = 1.3%) measure
of TD.

- 15 Hz units exhibited lower validity
for TD and average peak speed.

- As the speed of movement increased
the level of error for the 10 Hz and 15
Hz GPS units increased (%TEM = 0.8-
19.9).

- Comparisons should not be
undertaken between 10 Hz and 15 Hz
GPS units.

- 10 Hz GPS units measured
movement demands with greater
validity and inter-unit reliability than
the 15 Hz units.

Rampinini et al.

(2015)

Accuracy of 5 Hz and 10 Hz
GPS in determining high speed
distance and metabolic power in
a combination of running speed
and acceleration.

- 8 participants performed 56 bouts of
an intermittent shuttle run, wearing both
5 Hz and 10 Hz devices.

- Compared with radar gun.

- Metrics assessed: TD, HSR (>4.17
m-s?'), VHSR >5.56 m-s!), Pmean,
HMP (>20 W-kg!) and VHMP (>25
W-kg!).

-5 Hz had low error for TD (2.8%) and
Pmean (4.5%), whilst the errors for the
other variables ranged from moderate
to high (7.5-23.2%)

- 10 Hz demonstrated a low error for
TD (1.9%), HSR (4.7%), Pmean
(2.4%) and HMP (4.5%), whereas the
errors for VHSR (10.5%) and VHMP
(6.2%) were moderate.

- Accuracy increased with a higher
sampling rate but decreased with
increased speed of movement.

- 10 Hz demonstrated a sufficient level
of accuracy for quantifying distance
covered at higher speeds or time spent
at very high power.

Bataller-Cervero et
al. (2019)

10 Hz GPS validity and
reliability in measuring
accelerations and decelerations
in straight line running.

- 8 amateur team sport players wore 2
GPS units and performed 2 sets of 21 x
40 m sprints,

- First bout at submaximal incremental

speed.
- Second bout at submaximal
incremental  speed  followed by
subsequent submaximal decreasing
speed.

- Compared against timing gates (mean
speed) and a radar gun (instantaneous
speed).

-High agreement between GPS
devices and the criterion systems

- Instantaneous speed (v = 0.98; SMB
=-0.07; STE = 0.22); mean speed (r =
0.99; SMB = 0.38; STE = 0.17).

- Inter-unit reliability nearly perfect
between devices, a trivial SMB and a
small STE (r=0.97, SMB =0.04; STE

=0.23).

-10 Hz GPS devices are an adequate
solution to monitor straight-line
running speed in acceleration and
deceleration conditions

Abbreviations: GPS, global positioning system; STE, standard typical error; SEM, standard error of the mean; SMB, standardized mean bias;
TEM, typical error of the mean; TD, total distance; HSR, high-speed running; VHSR, very high-speed running; Pmean, mean metabolic power;
HMP, high metabolic power; VHMP, very high metabolic power; Hz, hertz; CV, coefficient of variation.
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2.4.4 Reliability and validity of global positioning systems in assessing acceleration and

deceleration

Many key movements in soccer require athletes to accelerate, decelerate and change direction
rapidly (Delaney et al., 2018b). These movements are critical in activities such as being first to
the ball, moving into space before an opponent, and creating and stopping goal-scoring
opportunities (Varley, Fairweather, & Aughey, 2012). In addition, the energy cost of these
actions is higher than motion at a constant velocity (Osgnach et al., 2010) and they have the
potential to cause significant mechanical and metabolic fatigue (Thorpe & Sunderland, 2012;
Russell et al., 2016b; Hader et al., 2019). As such, these variables are very commonly reported,
as demonstrated in a survey from 41 elite soccer teams revealing that acceleration variables
were perceived as the most important metric when monitoring training (Akenhead & Nassis,
2016). However, whilst studies suggest that 10 Hz GPS devices are an acceptable tool for
detecting these actions at lower intensities (Varley, Fairweather, & Aughey, 2012; Cummins
et al., 2013), there is some discrepancy in the literature. Varley, Fairweather and Aughey,
(2012) assessed the reliability and validity of 10 Hz GPS units to quantify acceleration and
deceleration in comparison to a laser device sampling at 2000 Hz and reported that the GPS
demonstrated acceptable validity for accelerations in comparison to the laser (bias, -3.6 —-
2.1%; CV, 3.6 — 5.9%). Although, during deceleration activities, the validity was lower (bias,
8.9%; CV, 11.3%). Here, the inter-unit reliability was lower for acceleration (CV, 1.9 — 4.3%)
than deceleration (CV, 6.0%), but both were deemed acceptable. Akenhead et al. (2014)
reported that both the validity and reliability of 10 Hz GPS for the measurement of
instantaneous velocity is inversely related to acceleration intensity, particularly during
accelerations of over 4 m-s2. This is supported by a more recent study by Thornton et al.
(2018), who compared the inter-unit reliability of 3 different 10 Hz GPS units (GPSports EVO,
STATSports APEX and Catapult S5). The researchers investigated the variation between
manufacturers by performing the same team sport simulation session with the units attached to
a sled. The inter-unit reliability for most metrics was good (CV = <5%), with total distance,
distance covered at various speed thresholds, and maximal speed exhibiting the best reliability.
However, when using defined thresholds, acceleration and deceleration metrics exhibited the
lowest reliability, particularly moderate decelerations, with CV values ranging from ~5 — 73%.
Moreover, there were substantial differences between manufacturers, particularly for
threshold-based acceleration and deceleration variables. The inter-unit reliability of most

movements measured was deemed as good, suggesting that practitioners can have confidence
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within systems. However, there were substantial differences between manufacturer outputs
despite all possessing the same sampling rate. Therefore, it is not recommended to use multiple
systems interchangeably or compare data between separate GPS devices of the same model

(Thornton et al., 2019).

2.4.5 Reliability and validity of accelerometry in sport

Through the integration of the GPS module with a tri-axial accelerometer (Figure 7),
quantification of acceleration data across all three planes of movement (anterior, posterior, and
lateral directions) is possible. Tri-axial accelerometers have been traditionally used in physical
activity research as an indirect marker of energy expenditure in free-living conditions (Halsey,
Shepard, & Wilson, 2011; Howe et al., 2009). In sporting scenarios, this technology has
predominantly been used to produce a composite vector magnitude to determine the combined
G-force as the sum of forces measured on each directional axis. Whilst many GPS providers
have their own algorithms, the most common metric to summarise the tri-axial accelerometry
data in previous literature is Playerload™ (Barrett, Midgley, & Lovell, 2014). Playerload™ is
measured in arbitrary units based on data derived from three-dimensional measures of the
instantaneous rate of change in acceleration (Figure 8). Whilst external load is still commonly
determined by measuring the distances covered in a variety of locomotor classifications
(Rampinini et al., 2015), tri-axial accelerometry has been utilised as a measure to quantify the
mechanical stress common to team sports, such as abrupt changes in velocity and direction,

jumping, or body contacts (Cummins et al., 2013; Varley & Aughey, 2013).

Plyr. Ld(acc),_, = E \/((ﬁvdm-i - fwd,_,) + (side,_,., - side,_,)* + (up,_,., - “I’m]:]

forr=0,0.01,0.02,0.03...n

Figure 8. The vector equation used to calculate Playerload™ from tri-axial accelerometery
data.

The utility of Playerload™ as a training load marker in soccer has been